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ABSTRACT
ABSTRACT
T h e  ‘ e n e ’ r e a c t io n  is  a  p e r ic y c l ic  r e a c t io n  r e la t e d  to  th e  D i e l s - A l d e r  re a c t io n . It  c a n  b e  
u s e d  to  sy n th e s ise  p r o d u c t s  o f  c o m m e r c ia l  im p o rta n c e . A n  e x a m p le  is  its  u s e  to  a ttach  a  
‘ s u c c in ic  a c id  fu n c t io n a li t y ’ ( v i a  m a le ic  a n h y d r id e  - M A - ) ,  t o  th e  e n e -te rm in a te d  
p o ly  i s o b u t y le n e  ( P I B )  to  y ie ld  P I B S A .
W h i l e  th e re  h a v e  b e e n  a  l im ite d  n u m b e r  o f  s tu d ie s  o f  th e  e n e  re a c t io n , n o n e  h a v e  
c o n c e n tra te d  o n  th e  re a c t iv ity  o f  th e  v in y l id e n e  f r a g m e n t  (  C H 2- C ( = C H 2) ~ C H 3)  w h ic h  is  
fo u n d  in  P I B .
In  a d d it io n  th e re  a re  d i f f ic u lt ie s  in  th e  d e te rm in a t io n  o f  th e  k in e t ic s  o f  th e  P I B S A  
re a c t io n , b e c a u s e  o f  s e v e r a l  c o m p e t it iv e  p ro c e s s e s ,  w h ic h  m a y  o c c u r . T h e r e fo r e  th e  
o v e r a l l  a im  o f  th e  p ro je c t  is to  in v e s t ig a te  th e  k in e t ic s  a n d  m e c h a n is m  o f  th e  e n e  
r e a c t io n  b e t w e e n  a  r a n g e  o f  s im p le  v in y l id e n e  a lk e n e s  ( in c lu d in g  P I B )  a n d  m a le ic  
a n h y d r id e .
A  s m a ll  r a n g e  o f  a lk e n e s , 2 -m e t h y l -4 -p h e n y lb u t - l - e n e ,  2 -m e t h y l -4 -p h e n y lp e n t - l - e n e ,
2 .4 -d im e t h y l -4 -p h e n y lp e n t - l - e n e  a n d  2 ,4 -d im e t h y l -4 - ( - 4 - f lu o r o p h e n y l )p e n t - l - e n e . ,  w e r e  
s y n th e s ise d , in  o v e r a l l  y ie ld s  o f  10 to  35  % . S y n th e s e s  w e r e  a c h ie v e d  u s in g  1 ,4 -  
c o n ju g a t e  a d d it io n , F r ie d e l -C r a f t s  a n d  W i t t i g  m e t h o d o lo g ie s ,  a n d  p u r i f ic a t io n  in v o lv e d  
c o lu m n  c h r o m a to g r a p h y  a n d  d is t i lla t io n . P r o d u c t  id e n t if ic a t io n  w a s  b y  * H  N M R  a n d  13C  
N M R  s p e c tro s c o p y .
N M R  m o n it o r in g  o f  th e  r e a c t io n  o f  4 - p h e n y lb u t - l - e n e  u n d e r  c o n d it io n s  o f  e q u im o la r  
M A  in  1 ,2 ,4 -t r ic h lo ro b e n z e n e  s o lv e n t  a l lo w e d  th e  id e n t if ic a t io n  o f  th e  a d d u c t  3 - (4 -  
p h e n y l -2 -b u t e n y l )d ih y d r o -2 ,5 - f i i r a n d io n e  a s  a  9 :1  m ix tu re  o f  E  a n d  Z  is o m e rs . N o  
e v id e n c e  f o r  fu r th e r  r e a c t io n  to  y ie ld  a  d i -a d d u c t .
S im i la r  m o n it o r in g  o f  th e  re a c t io n s  o f  th e  o th e r  e n e s  y ie ld e d  n o  c le a r  e v id e n c e  o f  th e  
a d d u c t . H o w e v e r ,  u n d e r  c o n d it io n s  o f  e x c e s s  M A ,  2 ,4 -d im e t h y l -4 -p h e n y lp e n t - l - e n e ,
2 .4 -d im e t h y l - 4 - ( - 4 - f lu o r o p h e n y l )p e n t - l - e n e  y ie ld e d  th e  e x p e c t e d  a d d u c t . P I B  s h o w e d  
e v id e n c e  o f  th e  a d d u c t .
A  c o m p a r is o n  o f  th e  ^ - N M R  s p e c tra  f o r  2 ,4 -d im e t h y l -4 -p h e n y lp e n t - l - e n e ,  2 ,4 -  
d im e t h y l - 4 - ( - 4 - f lu o r o p h e n y l )p e n t - l - e n e ,  P I B  s h o w e d  that, in  a ll c a se s , o n ly  p ro d u c t  
d e r iv e d  f r o m  m ig r a t io n  o f  th e  1 ° H  w a s  fo u n d . F u r th e rm o re , n o  d i -a d d u c t  w a s  fo r m e d  
e v e n  f o r  2 ,4 -d im e t h y l -4 -p h e n y lp e n t - l - e n e ,  2 ,4 -d im e t h y l - 4 - ( - 4 - f lu o r o p h e n y l )p e n t - l - e n e ,  
w it h  la r g e  e x c e s s  o f  M A .
- i -
ABSTRACT
T h e  ra te  c o n s tan ts  in  th e  r a n g e  1 6 0  ° C  to  1 9 0  ° C  w e r e  d e te rm in e d  f o r  a l l  a lk e n e s  m o s t ly  
u n d e r  c o n d it io n s  o f  e x c e s s  M A ,  b u t  s o m e  u n d e r  c o n d it io n s  o f  e x c e s s  a lk e n e . S e c o n d  
o r d e r  ra te  co n s ta n ts  at 1 8 0 °C  v a r ie d  f r o m  4 * 1 0 ‘5 to  1 0 0 *1  O'5 w i t h  4 -p h e n y lb u t - l - e n e  
b e in g  s ig n i f ic a n t ly  s lo w e r  th a n  th e  o th e rs .
A  s m a ll  m e d iu m  e f fe c t  o f  c a .  2  w a s  id e n t i f ie d  a s  r e s u lt in g  f r o m  th e  c h a n g e  f r o m  e x c e s s  
e n e  t o  e x c e s s  m a le ic  a n h y d r id e .
T h e  a c t iv a t io n  p a ra m e te r s  w e r e  in  th e  r a n g e  A H *  4 8  to  1 2 0  kJ  m o l ’1 a n d  A S *  -5 3  to  -2 2 9  
J m o l  K ' 1.
A  c o m p u ta t io n a l  c a lc u la t io n  u s in g  H a r t r e e -F o c k  a n d  S e m i -E m p ir ic a l  m e th o d s  o f  th e  
F M O ,  H O M O e n e -L U M O e n o p h iie  g a p  a l lo w e d  r a n k in g  o f  th e  a lk e n e s . I n  g e n e r a l  th e  g r o s s  
t re n d  in  re a c t iv ity  fo u n d  e x p e r im e n t a l ly  w a s  r e f le c t e d  in  th e  c o m p u ta t io n a l w o r k .
T h e  f in d in g s  a re  c o m p a r e d  t o  o th e rs  a n d  r a t io n a lis e d  in  te rm s  o f  a  p e r ic y c lic ,  e x o  
T ra n s it io n  S ta te , w it h  th e  in c ip ie n t  C = C  p r e f e r r in g  a n  E  c o n f ig u ra t io n .
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CHAPTER 1: INTRODUCTION
1.1 L u b rican ts
L u b r ic a n t s ,  l ik e  a d d it iv e s  f o r  fu e ls  a n d  f lu id s , u s e d  in  m o to r  v e h ic le s  a n d  in d u s t r ia l  
e q u ip m e n t , a re  e n g in e e re d  c h e m ic a l  c o m p o n e n t s  that c o n tr ib u te  to  th e  sm o o th ,  
d e p e n d a b le  a n d  e f f ic ie n t  o p e ra t io n  o f  ca rs , t ru c k s , tra c to rs  an d  m a c h in e ry . G a s o l in e  
e n g in e s , p a r t ic u la r ly  in  p a s s e n g e r s  c a r  e n g in e s , p re s e n t  s e v e ra l lu b r ic a t io n  p r o b le m s  
s u c h  a s  a  h ig h -t e m p e ra tu r e  o x id a t io n  re s u lt in g  in  e x c e s s iv e  e n g in e  ru s t  a n d  s lu d g e  that  
c a n  le a d  to  e x c e s s iv e  o i l  t h ic k e n in g  a n d  c o n ta m in a t io n  o f  th e  lu b r ic a n t  b y  p a r t ia l ly  
b u r n e d  fu e l  fr a g m e n t s  a n d  o th e r  b l o w - b y  p ro d u c ts . T h e r e fo r e  lu b r ic a n t s  a re  u s e d  w i t h  
th e ir  b a s ic  fu n c t io n s  o f  f r ic t io n  r e d u c t io n , h e a t  r e m o v a l  a n d  s u s p e n s io n  o f  c o n ta m in a n ts .  
H o w e v e r ,  th e re  is  in c re a s in g  c o n c e r n  a b o u t  th e  im p a c t  o f  lu b r ic a n t s  o n  o u r  w o r ld ,  an d  
s ta tis tics  s h o w  th a t a  la r g e  p o r t io n  o f  u s e d  lu b r ic a n t s  r e m a in  as  p o te n t ia l h a z a r d s  w ith in  
th e  e n v iro n m e n t . A s  a  re su lt , u s e r s  a r e  d e m a n d in g  e n v iro n m e n t a l ly  c o m p a t ib le  
lu b r ic a n t s  f o r  u s e  in  a r e a s  w h e r e  th e y  c a n  c o m e  in  c o n ta c t  w it h  w a t e r ,  f o o d  o r  p e o p le .  
D e s i g n in g  a  lu b r ic a n t  to  p e r fo r m  th e se  fu n c t io n s  is  a  c o m p le x  ta sk , i n v o lv in g  a  c a r e fu l  
b a la n c e  o f  p ro p e r t ie s  b o th  in  th e  b a s e  o il  a n d  th e  p e r fo r m a n c e  e n h a n c in g  a d d it iv e s . In  
fa c t , a  lu b r ic a n t  u s u a l ly  c o n s is t s  o f  a  b a s e  f lu id ,  g e n e r a l ly  o f  p e t r o le u m  o r ig in ,  
c o m b in e d  w i t h  a d d it iv e  c h e m ic a ls  th a t e n h a n c e  th e  v a r io u s  d e s i r a b le  p r o p e r t ie s  o f  th e  
b a s e  f lu id .  B a s e  f lu id s  a re  e s s e n t ia l ly  o b ta in e d  f r o m  t w o  m a in  s o u rc e s : th e  r e f in in g  o f  
p e t r o le u m  c ru d e  o i l  a n d  th e  s y n th e s is  o f  r e la t iv e ly  p u re  c o m p o u n d s  w i t h  p ro p e r t ie s  that  
a re  s u it a b le  f o r  lu b r ic a n ts .
1.2. L u b r ica n t com ponen ts
1 .2 .1  P e t r o l e u m  ( o r  m i n e r a l )  B a s e  O i l s
P e t r o le u m  w a s  fo r m e d  m a n y  m i l l io n s  o f  y e a r s  a g o ,  o r ig in a t in g  f r o m  th e  re m a in s  o f  t in y  
a q u a t ic  a n im a ls  a n d  p la n ts  th a t se tt led  w i t h  m u d  a n d  s ilt  to  th e  b o t t o m  o f  a n c ie n t  seas .  
A s  s u c c e s s iv e  la y e r s  b u i lt  u p , th e  d e p o s it s  w e r e  s u b je c t e d  to  h ig h  p re s s u re s  a n d  
te m p e ra tu re s  an d , as  a  re su lt , u n d e r w e n t  c h e m ic a l  t r a n s fo rm a t io n s , le a d in g  to th e  
fo r m a t io n  o f  th e  h y d r o c a r b o n s  a n d  o th e r  c o n s t itu e n ts  o f  c r u d e  o il. In  m a n y  a re a s , th e
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c ru d e  o i l  m ig r a t e d  a n d  a c c u m u la te d  in  p o r o u s  r o c k s  o v e r la id  b y  im p e r v io u s  r o c k  that  
p r e v e n t e d  fu r th e r  m o v e m e n t . U s u a l ly ,  a  la y e r  o f  c o n c e n tra te d  sa lt w a t e r  u n d e r l ie s  the  o il  
p o o l .  C r u d e  o il  is  r e c o v e r e d  b y  d r i l l in g  h o le s  a s  d e e p  a s  f i v e  m i le s  in to  th e  ea rth 's  cru st. 
T h e  c r u d e  o i l  f r e q u e n t ly  c o m e s  to  th e  s u r fa c e  u n d e r  g r e a t  p r e s s u re  a n d  in  c o m b in a t io n  
w it h  la r g e  v o lu m e s  o f  g a s . T h e  g a s  is  s e p a ra te d  f r o m  th e  o il  a n d  p r o c e s s e d  to  r e m o v e  
l iq u id s  o f  h ig h  v o la t i l i t y , w h i c h  co n s t itu te  "n a tu ra l g a s o l in e ."  T h e  d r y  g a s  is  s o ld  a s  fu e l  
o r  r e c y c le d  b a c k  to  th e  u n d e r g r o u n d  fo rm a t io n s  to  m a in ta in  p r e s s u re  in  th e  o i l  p o o l  an d ,  
th u s , in c re a s e  c ru d e  o il r e c o v e ry .
C r u d e  o i ls  a re  fo u n d  in  a  v a r ie t y  o f  ty p e s , r a n g in g  f r o m  l i g h t -c o lo u r e d  o ils  (c o n s is t in g  
m a in ly  o f  g a s o l in e )  to  b la c k ,  n e a r ly  s o l id  a sp h a lt . T h e s e  c ru d e s  a re  h ig h ly  c o m p le x  
m ix tu re s  c o n ta in in g  m a n y  h y d r o c a r b o n s ,  r a n g in g  f r o m  m e th a n e  —  the m a in  co n s t itu e n t  
o f  n a tu ra l g a s  w it h  o n e  c a r b o n  a to m  —  to  c o m p o u n d s  c o n ta in in g  f i f t y  o r  m o re  c a r b o n  
a to m s  (F i g u r e  1 ).
H H
\  /
H H H H  H H H H  H /C\
I I I 1 I I I I I /  N hH— C C— C C— H H— C C = C  C— H H— C C — H u
I I I !  I I I \  /H H H H  H H H cX
n-Butane (a normal paraffin) 2-Butene (an otefin) y f
isobutane (an isoparaffin)
H
IH— C -H 
H
Methane
W H H
H vH tt | | lH H H H H H H Y f  X H
H—c— c— c— c— c c—H f e n  H - f  T H HT  H I
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n-Hexane (a normal paraffin) Cycbhexane (a naphthalene) Benzene (an aromatic) Naphthalene (fused aromatic ring)
Figure 1. Hydrocarbons contained in crude oils
T h e  b o i l in g  r a n g e  o f  a  c o m p o u n d  in c re a s e s  r o u g h ly  w i t h  a n  in c re a s e  in  th e  n u m b e r  o f  
c a r b o n  a to m s :
T a b l e  1. B o i l i n g  p o in ts  o f  p e t r o le u m  b a s e  o i ls
C o m p o n e n t s A p p r o x i m a t e  B o i l i n g  R a n g e  ( ° C )
N a t u r a l  G a s  H y d r o c a r b o n s B e l o w  -2 0
G a s o l in e  C o m p o n e n t s 3 0  to  200
D ie s e l  a n d  H o m e  H e a t in g  O i l s 2 0 0  to  3 5 0
L u b r ic a t in g  O i l s  a n d  H e a v i e r  F u e ls A b o v e  3 5 0
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C r u d e  o i ls  a ls o  c o n ta in  v a r y in g  a m o u n ts  o f  c o m p o u n d s  o f  s u lp h u r , n it ro g e n , an d  
o x y g e n ,  m e ta ls  s u c h  a s  v a n a d iu m  a n d  n ic k e l, a lo n g  w it h  w a t e r  a n d  sa lts . A l l  o f  th e se  
m a te r ia ls  c a n  c a u s e  p r o b le m s  in  r e f in in g  o r  s u b s e q u e n t  p ro d u c t  a p p lic a t io n s . T h e ir  
r e d u c t io n  o r  r e m o v a l  in c re a s e s  r e f in in g  c o s t  a p p r e c ia b ly .  T h e  f irs t  s te p  in  p e t ro le u m  
r e f in in g  is  u s u a l ly  a  d e s a lt in g  o p e ra t io n , f o l l o w e d  b y  h e a t in g  in  a  fu rn a c e  w h e r e  the o il  
is  p a r t ia l ly  v a p o r is e d .  T h e  m ix tu re  o f  h o t  l iq u id  a n d  v a p o u r  en te rs  a  fr a c t io n a t in g  
c o lu m n  o p e r a t in g  at s lig h t ly  a b o v e  a tm o s p h e r ic  p re s s u re . T h is  d e v ic e  s e p a ra te s  g r o u p s  
o f  h y d r o c a r b o n s  a c c o r d in g  to  th e ir  b o i l in g  ra n g e . A  h e a v y  b la c k  r e s id u e  is  d r a w n  f r o m  
th e  b o t t o m  o f  th e  a tm o s p h e r ic  t o w e r .  P e t r o le u m  lu b r ic a t in g  o ils  a r e  m a d e  f r o m  th e  
h ig h e r  b o i l in g  p o r t io n  o f  th e  c ru d e  o i l  that r e m a in s  a ft e r  r e m o v a l o f  th e  l ig h t e r  fra c t io n s .  
T h e y  a re  p r e p a r e d  f r o m  c r u d e  o i ls  o b ta in e d  f r o m  m o s t  p a rts  o f  th e  w o r ld .  T h e s e  c ru d e  
o ils  d i f f e r  w i d e l y  in  p ro p e r t ie s  (s u c h  a s  p h y s ic a l  c h a ra c te r is t ic s  a n d  p e r fo r m a n c e  
q u a lit ie s  o f  b a s e  o i l s ) ;  t h e re fo r e  th e  c h o ic e  o f  c r u d e  is v e r y  im p o rta n t  f o r  th e  p ro d u c t io n  
o f  lu b r ic a n t s ’ m in e ra l ro c k s .
1 .2 .2  S y n t h e t ic  B a s e  O i l s
A n o t h e r  s o u rc e  o f  lu b r ic a n t  b a s e  f lu id s  is  th e  sy n th e t ic  ro u te , w h ic h  e n a b le  m o le c u le s  to  
b e  b u i lt  f r o m  s im p le r  s u b s ta n c e s  to  g i v e  th e  r e q u ir e d  p ro p e rt ie s . T h is  is in  c o n tra s t  to  
r e f in e d  p e t r o le u m  o ils , w h ic h  a r e  c o m p o s e d  o f  m a n y  c o m p o u n d s  o f  v a r y in g  c h e m ic a l  
c o m p o s it io n , d e p e n d in g  o n  th e  r e f in in g  m e th o d  a n d  th e  c ru d e  s to c k  s o u rc e . S y n th e t ic  
m a te r ia ls , in  g e n e ra l ,  c a n  b e  u s e d  o v e r  a  w id e r  t e m p e ra tu re  r a n g e  th a n  p e t ro le u m  b a s e  
f lu id s  in  th e  s a m e  v is c o s it y  r a n g e . C e r t a in  s y n th e t ic  lu b r ic a n t  b a s e  s to c k s  c a n  b e  
b le n d e d  w i t h  p e t r o le u m  o i ls  t o  o b ta in  n e c e s s a r y  h ig h -t e m p e ra t u r e  v o la t i l i t y  a n d  l o w -  
t e m p e ra tu re  v is c o s it y  c h a ra c te r is t ic s  w h e n  th e  p r o p e r  p e t ro le u m  b a s e  o i ls  a re  
u n a v a i la b le .  O n  th e  o th e r  h a n d , th e  m a in  d i s a d v a n t a g e  is that th e y  a re  m o re  e x p e n s iv e  
th an  m in e ra l o i l s  a n d  in  l im it e d  s u p p ly . C o m m e r c ia l  sy n th e tic  f lu id s  a r e  n o t  c o n f in e d  to  
a  s in g le  c h e m ic a l  ty p e . A m o n g  th o s e  o f  cu r re n t  c o m m e r c ia l  in te re st  a re  o le f in  o l i g o m e r s  
an d  a lk y la t e d  a ro m a t ic s  m a in ly  u s e d  f o r  a u to m o t iv e  a n d  in d u s t r ia l a p p lic a t io n s :  
n e o p e n ty l  p o ly o l  e s te rs  a n d  e s te rs  o f  d ib a s ic  a c id s  a re  u s e d  f o r  a u to m o t iv e  a n d  a ir c ra ft  
a p p lic a t io n s . S o m e  o f  th e  m o s t  im p o rta n t  p ro p e r t ie s  n e c e s s a ry  f o r  s a t is fa c to ry  lu b r ic a n t  
p e r fo r m a n c e  a re :
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1. L o w  v o la t i l i t y  u n d e r  o p e r a t in g  c o n d it io n s .
2 . S a t is fa c to ry  f l o w  c h a ra c te r is t ic s  in  th e  t e m p e ra tu re  r a n g e  o f  u se .
3. S u p e r io r  s ta b ility  o r  a b i l it y  to  m a in ta in  d e s i r a b le  c h a ra c te r is t ic s  f o r  a  r e a s o n a b le  
p e r io d  o f  u se . L u b r ic a n t  s ta b ility  is  a f fe c t e d  b y  th e  e n v iro n m e n t  in  w h ic h  it o p e ra te s ;  
e .g .  t e m p e ra tu re , o x id a t io n  p o te n t ia l a n d  c o n ta m in a t io n  w it h  w a t e r ,  u n b u rn e d  fu e l  
f r a g m e n ts , a n d  c o r r o s iv e  a c id s . T h is  is  th e  a r e a  w h e r e  a d d it iv e s  h a v e  m a d e  a  m a jo r  
c o n t r ib u t io n  in  im p r o v in g  th e  p e r fo r m a n c e  c h a ra c te r is t ic s  a n d  e x t e n d in g  th e  u s e fu l  
l i f e  o f  lu b r ic a n ts .
4 . C o m p a t ib i l i t y  w i t h  o th e r  m a te r ia ls  in  th e  sy s tem .
A d d i t iv e  c h e m is t ry  c a n  h a v e  a  m a jo r  in f lu e n c e  o n  s u c h  ch a rac te r is t ic s .
1.3 A d d it iv e s
A d d i t iv e s  c a n  b e  c la s s i f ie d  a s  m a te r ia ls  th a t e n h a n c e  e x is t in g  p ro p e r t ie s  o f  th e  lu b r ic a n t  
o r  fu e l  in to  w h ic h  th e y  a re  in c o rp o ra te d . T h e  p r in c ip a l t y p e s  o f  e n g in e  lu b r ic a n t  
a d d it iv e s  in c lu d e  d e te rg e n ts , o x id a t io n  a n d  b e a r in g  c o r r o s io n  in h ib ito rs , p o u r  p o in t  
d e p re s sa n ts , p o ly m e r ic  d is p e r s a n ts , v is c o s i t y  m o d i f ie r s ,  d is p e rs a n ts , p o ly m e r ic  
d is p e rs a n ts , a n t iw e a r , a d d it iv e s  a n d  m is c e l la n e o u s  a d d it iv e s .
1 .3 .1  D e t e r g e n t s  ( M e t a l l i c  D i s p e r s a n t s )
M a t e r ia ls  o f  th is  ty p e  a re  g e n e r a l ly  m o le c u le s  h a v in g  a  la rg e  h y d r o c a r b o n  " ta i l"  a n d  a  
p o la r  h e a d  g r o u p .  T h e  ta il s e c t io n , a n  o le o p h i l ic  g r o u p ,  s e rv e s  a s  a  s o lu b i l i z e r  in  the  
b a s e  f lu id ,  w h i l e  th e  p o la r  g r o u p  is  a ttra c te d  to  c o n ta m in a n ts  in  th e  lu b r ic a n t .
A l t h o u g h  th e se  c o m p o u n d s  a re  c o m m o n ly  c a l le d  d e te rg e n ts , th e ir  fu n c t io n  a p p e a rs  to  b e  
th e  d is p e r s in g  o f  p a r t ic u la te  m a tte r  ra th e r  th a n  c le a n in g  u p  e x is t in g  d irt  a n d  d e b r is .  
T h e r e fo r e ,  it is  m o r e  a p p ro p r ia t e  to  c a t e g o r is e  th e m  as  d isp e rsa n ts . T h e  m o s t  im p o rta n t  
t y p e s  o f  d e te rg e n ts  c a n  b e  s u m m a r is e d  in :
•  S u l f o n a t e s  
® S a l i c y la t e s
® P h e n a t e s  a n d  P h e n o l  S u lp h id e  S a l t s
CHAPTER 1 -5 -
1 .3 .2  O x i d a t i o n  a n d  B e a r i n g  C o r r o s i o n  I n h i b i t o r s
T h e  fu n c t io n  o f  a n  o x id a t io n  in h ib it o r  is  to  p r e v e n t  d e te r io ra t io n  o f  th e  lu b r ic a n t  
a s s o c ia t e d  w it h  o x y g e n  attack . T h e s e  in h ib it o rs  e ith e r  d e s t ro y  f r e e  r a d ic a ls  (c h a in  
b r e a k in g )  o r  in te ra c t  w it h  p e r o x id e s  in v o lv e d  in  th e  o x id a t io n  m e c h a n is m , d e s t ro y in g  
th e m . A m o n g  th e  w i d e l y  u s e d  a n t io x id a n t s  a re  p h e n o lic  ty p e s  ( e . g .  2 ,6-d i - t e r t -b u t y l  p a r a  
c r e s o l  a n d  4 - 4 ’ -m e t h y le n b is [2 ,6 -d i - t e r t -b u t y lp h e n o l ] )  a n d  z in c  d ith io p h o s p h a te s .
1 .3 .3  P o u r  P o i n t  D e p r e s s a n t s
P o u r  p o in t  is  a n  in d ic a to r  o f  th e  a b i l i t y  o f  a n  o i l  o r  d is t i lla te  fu e l  t o  f l o w  at c o ld  
o p e r a t in g  te m p e ra tu re s . It  is  th e  lo w e s t  t e m p e ra tu re  at w h ic h  th e  f lu id  w i l l  f l o w  w h e n  
c o o le d  u n d e r  p r e s c r ib e d  c o n d it io n s . T h e s e  a d d it iv e s  a re  u s e d  to  l o w e r  th e  l o w -  
t e m p e ra tu re  f lu id i t y  o f  a  p e t r o le u m  p r o d u c t  a n d  to  p re v e n t  th e  c o n g e la t io n  o f  o i l  at l o w  
te m p e ra tu re . T h is  p h e n o m e n o n  is  a s s o c ia t e d  w i t h  c ry s ta ll is a t io n  o f  th e  p a r a f f in  w a x  that  
is  p re s e n t  in  m in e ra l o i l  f ra c t io n s . T o  p r o v id e  l o w  p o u r  p o in ts , th e  r e f in e r  r e m o v e s  w a x  
co n s t itu e n ts , w h ic h  s o l id i f y  at r e la t iv e ly  h ig h  te m p e ra tu re s , in  a  p r o c e s s  k n o w n  as d e -  
w a x in g ,  w h i c h  is  s u p p le m e n t e d  b y  u s in g  a d d it iv e s  th a t l o w e r  th e  p o u r  p o in t  o f  th e  o il. 
T y p ic a l  c o m p o u n d s  u s e d  a s  p o u r  p o in t  d e p re s s a n ts  a re  a lk y la te d  n a p h th a le n e ,  
p o ly m e t h a c r y la t e  a n d  p h e n o l ic  p o ly m e r s .
1 .3 .4  V is c o s i t y  M o d i f i e r s
V is c o s i t y  m o d i f ie r s ,  o r  v is c o s i t y  in d e x  im p r o v e r s  a s  th e y  w e r e  fo r m e r ly  k n o w n ,  
c o m p r is e  a  c la s s  o f  m a te r ia ls  th a t im p r o v e s  th e  v is c o s ity / te m p e ra tu re  c h a ra c te r is t ic s  o f  
th e  lu b r ic a n t . T h is  m o d i f ic a t io n  o f  r h e o lo g ic a l  p ro p e r t ie s  re su lts  in  in c re a s e d  v is c o s it y  
at a ll t e m p e ra tu re s . T h e  v is c o s i t y  in c re a s e  is  m o re  p r o n o u n c e d  at h ig h  te m p e ra tu re s  
w h ic h  s ig n i f ic a n t ly  im p r o v e s  th e  v is c o s i t y  in d e x  o f  th e  lu b r ic a n t . P o ly m e r ic  v is c o s it y  
m o d i f ie r s  a re  o fte n  th e  m o s t  p ro m in e n t  a d d it iv e  c o m p o n e n t  o f  m u lt ig r a d e  o ils .
V i s c o s i t y  m o d i f ie r s  a re  g e n e r a l ly  o i l - s o lu b le  o r g a n ic  p o ly m e r s  w i t h  m o le c u la r  w e ig h t s  
r a n g in g  f r o m  a b o u t  1 0 ,0 0 0  to  1 m il l io n .  E x a m p le s  a re  lis te d  b e lo w :
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•  O l e f i n  C o p o ly m e r s  ( O C P s )
® H y d r o g e n a t e d  S t y r e n e - D i e n e  C o p o l y m e r s
•  S t y r e n e  E s t e r s
•  P o l y m e t h a c r y l a t e  ( P M A )
•  P o l y i s o b u t y l e n e s  —  P I B
1 .3 .4 .1  P o l y i s o b u t y l e n e s  —  P I B
P o ly b u t e n e  v is c o s i t y  m o d i f ie r s  p r o v id e  e x c e l le n t  s h e a r  s ta b ility  —  a  k e y  r e q u ir e m e n t  
f o r  g e a r  o i l  t e c h n o lo g y .  T h e s e  p o ly m e r s  a l s o  p r o v id e  g o o d  th e rm a l a n d  o x id a t iv e  
s ta b ility . P o l y  is o b u t y le n e s  (e .g .  2 )  a re  sy n th e t ic  h y d r o c a r b o n  p o ly m e r s ,  t y p ic a l  M W  -  
5 5 0 / 1 0 0 0 , m a n u fa c tu r e d  b y  th e  p o ly m e r is a t io n  o f  a  C 4  o le f in  s t re a m  c o n s is t in g  
p r in c ip a l ly  o f  is o b u te n e  1  (S c h e m e  1 ). T h e y  a r e  p r o d u c e d  in  a  r a n g e  o f  g r a d e s ,  w h ic h  
v a r y  f r o m  lig h t  m o b i l e  l iq u id s  u p  to  e x t r e m e ly  v i s c o u s  g r a d e s ,  w h ic h  a re  o n ly  m o b i l e  at 
r o o m  te m p e ra tu re . A  fr e e  r a d ic a l  p r o c e s s  fo r m s  th e m , a n d  th e  t e rm in a t io n  p r o c e s s  is 
im p o rt a n t  in  th a t th e  P I B  te rm in a l is  a n  a lk e n e  (v in y l id e n e )  f o r  u s e  in  th e  e n e  r e a c t io n  
(S c h e m e  2 ).  P E B S A  g o e s  v i a  c a t io n ic  m e c h a n is m .
1
S c h e m e  1
+  (o t h e r )  p r o d u c t s  f r o m  
o th e r  t e rm in a t io n  m e c h a n is m s
S c h e m e  2
P I B s  h a v e  a  n u m b e r  o f  im p o r t a n t  p h y s ic a l  p ro p e r t ie s , w h ic h  m a k e  th e m  v e r y  s u it a b le  
f o r  u s e  in  a  w i d e  r a n g e  o f  d i f f e r e n t  lu b r ic a n t  a p p lic a t io n s :
CHAPTER 1 -7-
•  V e r y  s ta b le  p ro d u c t s  
® W a t e r  w h it e  in  c o lo u r
•  L o w  v is c o s it y  g r a d e s  a r e  o i l y  in  n a tu re
•  H ig h e r  v is c o s i t y  g r a d e s  a re  t a c k y
•  H ig h e r  v is c o s i t y  g r a d e s  a r e  u s e d  f o r  t h ic k e n in g
•  C o m p a t ib le  w i t h  a  w id e  r a n g e  o f  o th e r  p ro d u c t s  su c h  a s  a d h e s iv e s  a n d  sea lan t .
•  E x c e l le n t  U V  s ta b ility  a n d  n o n  t o x ic  n a tu re
•  A t  h ig h  t e m p e ra tu re s  th e y  d e p o ly m e r i s e  r a p id ly  a n d  c le a n ly
® P o ly b u t e n e s  w h e n  u s e d  in  t w o -s t r o k e  fu e ls  a n d  lu b r ic a n t s  h a v e  b e e n  s h o w n  to  b e  th e  
m o s t  c o s t -e f fe c t iv e  w a y  o f  a c h ie v in g  th e  r e q u ir e d  l o w  s m o k e  p e r fo r m a n c e .
•  T h e y  a ls o  b r in g  e l im in a t io n  o f  e n g in e  d e p o s it s ,  c le a n  b u r n in g ,  r e d u c e d  c o r r o s io n
a n d  s c o r in g .
•  T h e  c h e m ic a l  r e a c t iv it y  o f  th e  p o ly m e r  t e rm in a l d o u b le  b o n d , c o u p le d  w i t h  th e
c o n t r o l le d  M W  d is t r ib u t io n  a n d  h ig h  p u r ity , m a k e  P I B  s u ita b le  a s  a  r a w  m a te r ia l in  
a d d it iv e  sy n th es is . T h u s ,  th e ir  c h e m ic a l  d e r iv a t iv e s  a re  a m o n g  th e  m o s t  im p o rta n t  
c o m p o u n d s  c u rre n t ly  e m p lo y e d  a s  e n g in e  lu b r ic a n t  a d d it iv e s .
1 .3 .5  D i s p e r s a n t s
D is p e r s a n t s  a re  m a te r ia ls  a d d e d  to  e n g in e  lu b r ic a n t s  to  p re v e n t  s e d im e n ta t io n  o f  s o l id  
c a r b o n  m a te r ia ls . T h e r e  a re  d i f f e r e n t  ty p e s  o f  d isp e rs a n ts .
1 .3 .5 .1  A s h le s s  d i s p e r s a n t s
A  m a jo r  d e v e lo p m e n t  in  th e  a d d it iv e  f i e ld  w a s  th e  d is c o v e r y  a n d  u s e  o f  a s h le s s  
d is p e rs a n ts . T h e s e  m a te r ia ls  m a y  b e  c a t e g o r is e d  in to  t w o  b r o a d  ty p e s : h ig h -m o le c u la r  
w e ig h t  p o ly m e r ic  d is p e r s a n t s  u s e d  to  fo r m u la t e  m u lt ig r a d e  o i ls  a n d  l o w e r  m o le c u la r  
w e ig h t  a d d it iv e s  f o r  u s e  w h e r e  v is c o s i t y  m o d i f ic a t io n  is  n o t  n e c e ssa ry . T h e s e  a d d it iv e s  
a re  m u c h  m o re  e f fe c t iv e  th a n  th e  m e ta ll ic  t y p e s  in  c o n t r o l l in g  s lu d g e  a n d  v a rn is h  
d e p o s it s  th a t re s u lt  f r o m  in te rm itten t  a n d  lo w - t e m p e r a t u r e  g a s o l in e  e n g in e  o p e ra t io n .  
C o m p o u n d s  u s e fu l  f o r  th is  p u r p o s e  a re  c h a ra c te r is e d  b y  a  p o la r  g r o u p  a tta c h e d  to  a  
r e la t iv e ly  h ig h  m o le c u la r  w e ig h t  h y d r o c a r b o n  ch a in . T h e  p o la r  g r o u p  g e n e r a l ly  c o n ta in s  
o n e  o r  m o re  o f  th e  e le m e n ts  n it ro g e n , o x y g e n  a n d  p h o s p h o ru s . T h e  s o lu b i l i z in g  c h a in s
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a re  g e n e r a l ly  h ig h e r  in  m o le c u la r  w e ig h t  th a n  th o s e  in  d e te rg e n ts ; h o w e v e r ,  th e y  m a y  b e  
q u it e  s im i la r  in  s o m e  in stan ces .
1 .3 .5 .1 .1  N - S u b s t i t u t e d  L o n g - C h a i n  A l k e n y l  S u c c in im i d e s
T h e  m a jo r it y  o f  p r o d u c t s  c u r re n t ly  in  u s e  a re  o f  th is  t y p e  o r  r e la te d  m a te r ia ls  that  
c o r r e s p o n d  to  th e  g e n e ra l  f o r m u la  ( 6)  (S c h e m e  3 ):
T h e  a lk e n y ls u c c in ic  a c id  in te rm e d ia te  ( 4 )  is  o b t a in e d  b y  c o n d e n s in g  a n  o le f in  p o ly m e r ,  
g e n e r a l ly  a  p o ly  i s o b u t y le n e  w i t h  a  m o le c u la r  w e ig h t  in  th e  r a n g e  o f  8 0 0  to  1200, w ith  
m a le ic  a n h y d r id e . T h e  b a s ic  p a r t  o f  th e  a d d it iv e  u s u a l ly  r e s u lt s  f r o m  N - a m i n o  
a lk y lp o ly a m in e s  ( 5 ) ,  e s p e c ia l ly  th e  p o ly a lk y le n e  a m in e s  s u c h  a s  t r ie th y le n e te t ra m in e ,  
te t ra e th y le n e  p e n ta m in e , etc.
H
AQ
o
H 2N [ R ' - N H | XR ' - N H 2
o
Scheme 3
1 .3 .5 .1 .2  H i g h  M o l e c u l a r  W e ig h t  E s t e r s
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M a t e r ia ls  o f  c o m m e r c ia l  in te re st  in  th is  a r e a  in c lu d e  p r o d u c t s  ( 9 )  f o r m e d  b y  the  
e s t e r i f ic a t io n  o f  o le f in  su b s t itu te d  s u c c in ic  a c id s  w i t h  m o n o  o r  p o ly h y d r ic  a l ip h a t ic  
a lc o h o ls .  T h e  a lk e n y l su b s t itu e n t  in  th e  a c id s  h a s  at  le a s t  5 0  a l ip h a t ic  c a r b o n  a to m s  an d  
a  m o le c u la r  w e ig h t  o f  a b o u t  7 0 0  to  5 0 0 0 . A n  e x a m p le  o f  s u c h  a  m a te r ia l is  th e  r e a c t io n  
p ro d u c t  o f  e th y le n e  g l y c o l  ( 7 )  w it h  a  su b s t itu te d  s u c c in ic  a n h y d r id e  ( 8: R =  a lk e n y l )  
(S c h e m e  4 ).
2 [ H O — C 2H 4- Q H ]
7
P o ly h y d r ic  a lc o h o ls  s u c h  as  g ly c e r o l ,  p e n ta -e ry th r ito l a n d  s o rb it o l m a y  b e  e m p lo y e d  in  
s u c h  a  re a c t io n .
1 .3 .5 .1 .3  M a n n i c h  B a s e s  ( 1 3 )  f r o m  H i g h  M o l e c u l a r  W e ig h t  A lk y l a t e d  P h e n o l s
S u c h  p ro d u c t s  a re  fo r m e d  b y  th e  c o n d e n s a t io n  o f  a  h ig h  m o le c u la r  w e ig h t  a lk y l -  
s u b s t itu te d  p h e n o l ( 10 ) ,  an  a lk y le n e p o ly a m in e  ( 1 1 ) ,  an d  a n  a ld e h y d e  su c h  as  
f o r m a ld e h y d e  (1 2 ) .  R e a c t io n  p r o d u c t  f r o m  p o ly p r o p y le n e p h e n o l ,  
te t ra e th y le n e p e n ta m in e , a n d  fo r m a ld e h y d e  is  g i v e n  in  S c h e m e  5:
O  O
II II
R—CH— R—CH—C—O—C2 H4 - OH 
+ I  8*- |
C H — C  C H — C — O — C 2H 4- O H
Ii II
o  o
8 9
S c h e m e  4
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S c h e m e  5
1 .3 .5 .2  P o l y m e r i c  D i s p e r s a n t s
T h e s e  a s h le s s  d is p e r s a n t s  m a y  s e r v e  th e  d u a l  fu n c t io n  o f  d is p e r s a n t  a n d  v is c o s i t y  
m o d if ie r .  T h e y  h a v e  t w o  d i f fe r e n t  s tru c tu ra l fe a tu re s : th o s e  that a re  s im i la r  to  m a te r ia ls  
e m p lo y e d  a s  v is c o s i t y  m o d i f ie r s  a n d  t h o s e  o f  p o la r  c o m p o u n d s  (w h i c h  im p a rt  
d is p e r s a n c y ) .  T h e  g e n e ra l  fo r m u la  f o r  d is p e rs a n t  p o ly m e r s  m ig h t  b e  a s  in  F i g u r e  2 :
, Y \ l
( c h 2- c h 2) 4 - c h 2- c h — '
\  l y \
R
c h 2— c  
I . 
A  /
Figure 2. General formula for polymeric dispersants
w h e r e  th e  p o la r  g r o u p  A  is a t ta c h e d  to  a  r e la t iv e ly  h ig h  m o le c u la r  w e ig h t  h y d r o c a r b o n  
c h a in  th a t is  th e  o le o p h i l i c  g r o u p ,  a n d  R  =  h y d r o g e n , C i -6 a lk y l,  C 4.6 a lk e n y l,  o r  a lk y l.  
S o m e  o f  th e  m a n y  p o s s ib i l i t ie s  f o r  th e  p o la r  g r o u p s  a re  i llu s tra te d  in  F i g u r e  3:
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Figure 3. Polar groups, A, attached to a high molecular weight hydrocarbon chain (n = 1 to 3)
T h e  p o la r  g r o u p  in  fa c t  g e n e r a l ly  c o n ta in s  o n e  o r  m o r e  o f  th e  e le m e n ts  n it r o g e n , o x y g e n  
a n d  p h o s p h o r u s .
1 .3 .5 .3  P I B S A
D is p e r s a n t s  h a v e  t r a d it io n a l ly  b e e n  p o ly is o b u t y le n e  ( P I B )  s u c c in im id e s  (e .g .  1 6 )  
b e c a u s e  o f  th e ir  u s e fu ln e s s  a n d  v e rs a t i l i ty . T h e y  a re  p r e p a r e d  b y  r e a c t io n  o f  a  s u it a b le  
a m in e  ( e . g .  1 4 ) w it h  p o ly is o b u t y le n e  s u c c in ic  a n h y d r id e  - P I B S A -  ( 1 5 )  (S c h e m e  6) .
N H
n H
+
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P I B S A  ( 1 5 )  i t s e l f  is  p r o d u c e d  b y  th e  e n e  r e a c t io n  b e t w e e n  an  a lk e n e -t e rm in a t e d  P I B  ( 2 )  
a n d  m a le ic  a n h y d r id e  ( M A )  ( 3 ) ,  M A  is  th e  e n o p h i le  th e  r e c e iv in g  a lk e n e , a n d  th e  a l ly l ic  
H  m ig ra t e s  f r o m  P I B ,  w h ic h  is  th e  a lk e n e  ( e n e )  c o m p o u n d s .  (S c h e m e  7 ).
S o m e  o f  th e ir  d e r iv a t iv e s  h a v e  e x c e p t io n a l  p ro p e r t ie s  a s  e m u ls i f ie r s ,  a s  w a t e r - in -o i l  
in v e r t  e m u ls i f ie r s ,  a n d  a s  d is p e rs a n ts .
A d v a n t a g e s  in  u s in g  e m u ls io n s  p r e p a r e d  w i t h  p o ly is o b u t y le n e  s u c c in im id e  m o le c u le s
•  E x c e l le n t  lu b r ic it y
•  H a r d  w a t e r  s ta b ility
•  C o r r o s io n  re s is ta n c e
•  C o m p a t ib i l i t y  w i t h  m in e ra l,  v e g e t a b le  a n d  sy n th e t ic  o il
•  H i g h  f i lm  s tre n g th  w i t h  r e s is ta n c e  t o  sh e a r
•  S im p lic i t y  in  w a s t e  tre a tm e n t
•  C r e a t io n  o f  h ig h  in te rn a l p h a s e  e m u ls io n s
•  l o w  m a n u fa c t u r in g  c o s ts  w h ic h  re su lt  b e c a u s e  l o w e r  c o n c e n tra t io n s  c a n  b e  u s e d
In v e r t  e m u ls io n s  c re a te d  w it h  P I B S A - s u c c i n i c  a n h y d r id e  b a s e d  e m u ls i f i e r s  d is p e r s e  
r e a d i ly  in  w a t e r .  T h is  m a k e s  th e m  p la y  a n  im p o rt a n t  r o le  in  th e  b io d e g r a d a b i l i t y  o f  th e  
o i l  p h a s e .
P I B S A - s u c c i n i c  a n h y d r id e -b a s e d  e m u ls i f ie r s  a re  s ta b le  in  s to r a g e  a n d  h a v e  h ig h  th e rm a l  
s ta b i lity ; th e y  a l l o w  th e  d e l iv e r y  o f  s u p e r s a tu ra te d  sa lt s o lu t io n s  in  in v e r t  e m u ls io n  
fo r m , w it h o u t  c ry s ta llis a t io n . E m u ls io n s  p r e p a r e d  w it h  P I B S A  m o le c u le s  c a n  b e  
f o r m u la t e d  w i t h  a  r a n g e  o f  c o n s is t e n c ie s  f r o m  p o u r a b le  l iq u id s  to  s e m i - s o l id  g e ls .  
P E B S A -b a s e d  e m u ls i f ie r s  a l l o w  c r e a t in g  c le a r  m ic r o e m u ls io n s  w i t h  le s s  th a n  h a l f  th e  
e m u ls i f i e r s  n e e d e d  i f  o th e r  e m u ls i f ie r s  w e r e  u se d . T h is  r e p re se n ts  a  c o n s id e r a b le  c o s t  
s a v in g s .  E m u ls i f i c a t io n  is  a ls o  e a s ie r .
S c h e m e  7
are :
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P e r ic y c l ic  r e a c t io n s  a r e  c o n c e r t e d  a n d  c y c l ic  r e a c t io n s  w h e r e  th e  c o n v e r s io n  o f  re a c ta n ts  
to  p ro d u c t s  t a k e s  p la c e  d ir e c t ly  b y  w a y  o f  a  s in g le  t ra n s it io n  sta te , w it h o u t  th e  fo r m a t io n  
o f  a n  in te rm e d ia te . T h e y  a re  t y p i f i e d  b y  th e  D i e l s - A l d e r  R e a c t io n  a n d  A ld e r  ‘ e n e 5 
re a c t io n s  (S c h e m e  8)
1.4. Pericvclic reactions
A  D i e l s - A l d e r  r e a c t io n  A n  A ld e r  r e a c t io n
S c h e m e  8
T h r e e  fe a tu re s  c h a ra c te r is e  th is  t y p e  o f  re a c t io n s :
B A m o n g  th e  re a c ta n ts  a n d  p r o d u c t s  at le a s t  o n e  m o le c u le  is  u n s a tu ra te d  
■ T h e  r e a c t io n  in v o lv e s  th e  fo r m a t io n  o r  s c is s io n  o f  a - b o n d s  a n d  c o n s u m p t io n  o r  
g e n e ra t io n  o f  rc -b o n d s
B T h e  e le c t ro n ic  r e o r g a n is a t io n  - c o v a l e n c e  c h a n g e -  o c c u r s  in  s o m e  s o r t  o f  s in g le  
s y n c h r o n o u s  ste p  o f  th e  p a r t ic ip a t in g  a to m ic  c e n tre s  an d  r e a g e n t s  p a s s  t h r o u g h  a  
c y c l ic  c o n ju g a t e d  t ra n s it io n  state.
1 .4 .1  W o o d w a r d - H o f f m a n n
P e r i c y c l i c  r e a c t io n s  w e r e  lo n g  t im e  s o m e th in g  o f  a  p u z z le .  T h e  f irs t  r a t io n a lis a t io n  w a s  
d u e  to  W o o d w a r d - H o f f m a n n  w h o  set u p  s e r ie s  o f  ru le s  b a s e d  o n  c o n s e r v a t io n  o f  o rb ita l
9 *
s y m m e try . O n e  ru le  is  a p p l ie d  to  th e rm a l p e r ic y c l ic  r e a c t io n  a n d  its o p p o s i t e  to  
p h o t o c h e m ic a l  r e a c t io n :
A  th e rm a l p e r ic y c l ic  r e a c t io n  is  a l l o w e d  i f  th e  to ta l n u m b e r  o f  e le c t ro n s  in v o lv e d  can  b e  
e x p re s s e d  in  th e  fo r m  (4 n + 2 ) ,  w h e r e  n  is  a n  in t e g e r  an d  th e re fo r e  m a y  a s s u m e  th e  
v a lu e s  in  s e r ie s  0 ,1 ,2 ,3 ,.. . .  I f  th e  to ta l n u m b e r  o f  e le c t ro n s  c a n  b e  e x p r e s s e d  in  th e  fo r m  
4 n  it is fo r b id d e n .
I n  o th e r  w o r d s  f o r  th e rm a l r e a c t io n s  th e  r u le  c a n  b e  e x p re s s e d  a s  it f o l l o w s :
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A  g r o u n d  state  p e r ic y c lic  c h a n g e  is  s y m m e t r y -a l lo w e d  w h e n  th e  n u m b e r  o f  ( 4 q + 2 ) s an d  
( 4 r ) a is  o d d . W h i l e  f o r  th e  p h o t o c h e m ic a l  r e a c t io n s  th is  n u m b e r  h a s  t o  b e  ev e n .
T h e  te rm s  ( 4 q + 2 ) s a n d  ( 4 r ) a r e fe r  to  th e  n °  r e a g e n t s  c o m p o n e n t s  se e  (F i g u r e  4 ) .
□4s
□2s
N° of (4q+2)s components: 1 
N°of(4r)a components: 0 
Total: 1 
Odd number, allowed
Figure 4. The Woodward-Hoffmann rule for thermal pericyclic reactions
F r o m  th is  th e o ry  th re e  a p p r o a c h e s  h a v e  b e e n  a d v a n c e d :
1. T h e  s tu d y  o f  T S -A r o m a t i c
2 . T h e  C o r r e la t io n  d ia g r a m
3. T h e  F r o n t ie r  O r b i t a l  th e o ry
1 .4 .2  C o r r e l a t i o n  d i a g r a m s
T h e  c o r r e la t io n  a p p r o a c h  r e q u ir e s  k n o w le d g e  o f  th e  s y m m e try  o f  th e  m o le c u la r  o rb it a ls  
o f  b o th  re a c ta n ts  a n d  p ro d u c ts . It  c o n s id e r s  h o w  th e  o rb it a l e n e r g ie s  c h a n g e s  w it h  the  
in t e rn u c le a r  d is ta n c e . T h e  in d iv id u a l  m o le c u la r  o rb it a ls  o f  a  c o n ju g a t e d  s y s te m  c a n  b e  
c la s s i f ie d  a s  e ith e r  s y m m e tr ic  ( S )  o r  a s y m m e t r ic  ( A )  w it h  re s p e c t  to  a n y  s y m m e try  
e le m e n ts , w h ic h  th e  m o le c u le  p o s s e s s e s .
I f  b o n d in g  o rb it a ls  o f  th e  r e a g e n t s  a n d  b o n d in g  o rb it a ls  o f  th e  p ro d u c t  h a v e  m a tc h in g  
s y m m e try  c h a ra c te r is t ic s , th e y  m a y  t r a n s fo r m  o n e  o n to  th e  o th e r  w i t h  e a s e  an d  th e  
re a c t io n  is  s a id  to  b e  o rb it a l  s y m m e tr y  a l lo w e d .  H o w e v e r  i f  th e  b o n d in g  o rb it a ls  h a v e  to  
m a tc h  w i t h  a n t ib o n d in g ,  h ig h  a c t iv a t io n  e n e r g y  is  p r e d ic t e d  an d  th e  r e a c t io n  is  o rb it a l  
s y m m e try  fo r b id d e n .
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C o r r e l a t i o n  d i a g r a m s  p r o v i d e  a  g o o d  e x p l a n a t i o n  o f  t h e  r e a c t i o n  p a t t e r n s  f o r  t h o s e  
r e a c t i o n s  t h a t  h a v e  w e l l - d e f i n e d  e l e m e n t s  o f  s y m m e t r y  p r e s e r v e d  d u r i n g  t h e  r e a c t i o n .  I n  
o r d e r  t o  s e t - u p  a  c o r r e l a t i o n  d i a g r a m  ( F i g u r e  5 )  t h e  f i r s t  s t e p  i s  t o  i d e n t i f y  t h e  s y m m e t r y  
e l e m e n t s ,  s e c o n d l y  t o  c l a s s i f y  t h e  o r b i t a l s  u n d e r g o i n g  c h a n g e  w i t h  r e s p e c t  t o  t h o s e  
s y m m e t r y  e l e m e n t s  a n d  t h e n  s e e  h o w  t h e  o r b i t a l s  o f  t h e  s t a r t i n g  m a t e r i a l s  c o n n e c t  w i t h  
t h o s e  o f  t h e  p r o d u c t .  T h i s  a p p r o a c h  a s s u m e s  t h a t  a n  o r b i t a l  i n  t h e  s t a r t i n g  m a t e r i a l  m u s t  
f e e d  i n t o  a n  o r b i t a l  o f  t h e  s a m e  s y m m e t r y  i n  t h e  p r o d u c t .  S u b s t i t u e n t s  a r e  t r e a t e d  a s  
i n s i g n i f i c a n t  p e r t u r b a t i o n s  o n  t h e  o r b i t a l s  i n v o l v e d  w h a t e v e r  e f f e c t s  t h e y  m a y  h a v e  o n
them m
■8*
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Figure 5. The orbital correlation diagram for a Diels-Alder reaction, a („4 s + n2s)  cycloaddition of a 
1,3-diene to an alkene (dienophile) to give cyclohexene, orbital symmetry allowed and 
suprafacial on both components.
I n  t h e  d i a g r a m ,  l i n e s  a r e  d r a w n  b e t w e e n  t h e  o r b i t a l s  o f  t h e  s t a r t i n g  m a t e r i a l s  t o  t h o s e  o f  
t h e  p r o d u c t s  n e a r e s t  i n  e n e r g y  a n d  o f  t h e  s a m e  s y m m e t r y .  T h u s  \ | / i ( S )  c o n n e c t s  t o  C i ( S ) ,  
t c ( S )  c o n n e c t s  t o  7i ( S ) ,  ^ ( A )  c o n n e c t s  t o  a 2( A ) ,  a n d  s i m i l a r l y ,  w i t h  t h e  u n o c c u p i e d  
o r b i t a l s ,  \|/3* ( S )  c o n n e c t s  t o  03* ( S ) ,  t c *  ( S )  c o n n e c t s  t o  7c *  ( S ) ,  \|/4 *  ( A )  c o n n e c t s  t o  o 4 *  
( A ) .  T h e  o r b i t a l s  o f  t h e  g r o u n d  s t a t e  i n  t h e  s t a r t i n g  m a t e r i a l  s m o o t h l y  m o v e  i n t o  t h e
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o r b i t a l s  o f  t h e  g r o u n d  s t a t e  o f  t h e  p r o d u c t .  T h e  g r o u n d  s t a t e  i s  d e s c r i b e d  a s  ( \ | / i 2 7 c 2 \|/22 ), 
w h e r e  t h e  s q u a r e d  t e r m s  i n d i c a t e  t h a t  e a c h  o r b i t a l  i s  d o u b l y  o c c u p i e d ,  a n d  a s  o v e r a l l  
s y m m e t r i c  ( S ) .  S i m i l a r l y  t h e  g r o u n d  s t a t e  o f  t h e  p r o d u c t  i s  ( a i 2G 227t 2 )  a n d  it i s  
s y m m e t r i c  t o o .  T h i s  l e a d s  t o  a  c o r r e l a t i o n  d i a g r a m  c o n s i s t i n g  i n  a  l i n e  j o i n i n g  t h e  
g r o u n d  s t a t e  o f  t h e  s t a r t i n g  m a t e r i a l  w i t h  t h e  g r o u n d  s t a t e  o f  t h e  p r o d u c t .3
1.4.3 Transition state
A s  c y c l i c  c o n j u g a t e d  s y s t e m  c a n  b e  d i v i d e d  i n t o  t h e  s t a b l e  a r o m a t i c  t y p e s  w i t h  ( 4 n + 2 )  
7T - e l e c t r o n s  a n d  u n s t a b i l i s e d ,  a n t i a r o m a t i c  m e m b e r s  w i t h  ( 4 n )  ^ - e l e c t r o n s ,  t r a n s i t i o n  
s t a t e s  o f  p e r y c y c l i c  r e a c t i o n s  m a y  b e  c l a s s i f i e d  s i m i l a r l y .  I n  f a c t  t h e  t r a n s i t i o n  s t r u c t u r e  
o f  t h e  c o m m o n  t h e r m a l l y  i n d u c e d  r e a c t i o n s  i n v o l v e  a  t o t a l  o f  ( 4 n + 2 )  e l e c t r o n s ,  
a n a l o g o u s  t o  t h e  n u m b e r  o f  e l e c t r o n s  i n  a r o m a t i c  r i n g s  ( S c h e m e  9 ) :
D
c o m p a r e d
--------------- 3
w i t h Q
S c h e m e  9
T h o s e  r e a c t i o n s  w i t h  a r o m a t i c  T S  ( 2 ,  6, 1 0 ,  1 4 ...... 4 n + 2  d e l o c a l i s e d  e l e c t r o n s )  a r e
p e r m i t t e d  w h i l e  t h e  a n t i - a r o m a t i c  s y s t e m s  ( 4 ,  8, 1 2 ,  4 n  d e l o c a l i s e d  e l e c t r o n s )  a r e  
f o r b i d d e n  o n e s ,
1.4.4 Frontier molecular orbital theory.4
F M O  i s  t h e  t h e o r y ,  w h i c h  m o s t  s i m p l y  e x p l a i n s  W o o d w a r d - H o f f m a n  r u l e s  b a s e d  o n  t h e  
W - H  t h e o r y  o f  t h e  c o n s e r v a t i o n  o f  t h e  o r b i t a l  s y m m e t r y  i n  c o n c e r t e d  p e r i c y c l i c  
r e a c t i o n .  I t  d e s c r i b e s  a  p e r i c y c l i c  r e a c t i o n  a s  a l l o w e d  o r  f o r b i d d e n  b y  i d e n t i f y i n g  t h e  
f r o n t i e r  o r b i t a l s  a n d  e x a m i n i n g  t h e i r  n o d a l  p r o p e r t i e s  a t  t h e  i n t e r a c t i n g  c e n t r e s  i n  o r d e r  
t o  d e t e r m i n e  w h e t h e r  o r  n o t  b o n d i n g  o v e r l a p  o c c u r s  a t  b o t h .  T h e r e f o r e  it r e q u i r e s  a  
k n o w l e d g e  o f  t h e  m o l e c u l a r  o r b i t a l s  o f  u n s a t u r a t e d  h y d r o c a r b o n s  a n d  c o n s i d e r a t i o n  o f
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t h e  w a y  i n  w h i c h  t h e y  c a n  i n t e r a c t .  I t  r e f e r s  t o  f r o n t i e r  o r b i t a l s ,  t h e  h i g h e s t  o c c u p i e d  
m o l e c u l a r  o r b i t a l ,  H O M O ,  a n d  t h e  l o w e s t  u n o c c u p i e d  m o l e c u l a r  o r b i t a l ,  L U M O :
T h e  i n t e r a c t i n g  p - o r b i t a l s  l o b e s  a t  e a c h  r e a c t i n g  c e n t r e  m u s t  h a v e  t h e i r  w a v e  f u n c t i o n s  
o f  t h e  s a m e  s i g n  ( F i g u r e  6).
Figure 6. HOMO-LUMO interactions: a, leading to cycloaddition; b, not leading to cycloaddition
T h e  H O M O  m a y  b e  r e g a r d e d  a s  t h e  s o u r c e  o f  t h e  m o s t  a v a i l a b l e  e l e c t r o n  p a i r  a n d  h e n c e  
n u c l e o p h i l i c  r e a c t i v i t y .  T h e  h i g h e r  i n  e n e r g y  i s  t h e  H O M O ,  t h e  g r e a t e r  t h e  n u c l e o p h i l i c  
p o w e r .  T h e  L U M O  i s  t h e  o r b i t a l  a c t i n g  a s  a n  e l e c t r o n  p a i r  a c c e p t o r  a n d  h e n c e  r e l a t e d  t o  
e l e c t r o p h i l i c  r e a c t i v i t y .  T h e  l o w e r  i n  t h e  e n e r g y  t h e  L U M O  l i e s ,  t h e  m o r e  r e a c t i v e  i s  t h e  
m o l e c u l e  a s  a n  e l e c t r o p h i l e .
A c c o r d i n g  t o  t h e  P e r t u r b a t i o n  M O  t h e o r y  t h e  i n t e r a c t i o n  e n e r g y ,  E ,  b e t w e e n  t w o  
m o l e c u l e s  c a n  b e  e x p r e s s e d  a s  it f o l l o w s  ( e q n .  1 ):
E i  =  2  - a U L  +  2  £ 2 c i j S j ) £ L  ( 1 )  
s  R  A E v F
w h e r e  t h e  s e c o n d  t e r m  c o n t a i n s  t h e  a t t r a c t i v e  f o r c e s  d u e  t o  t h e  o v e r l a p  o f  f i l l e d  o r b i t a l s  
o f  o n e  m o l e c u l e  w i t h  v a c a n t  o r b i t a l s  o f  t h e  o t h e r  ( m a t c h i n g  s y m m e t r y ) ;  q i, a n d  q j  a r e  
c h a r g e s  o n  s p e c i e s  i a n d  j a t  a  s e p a r a t i o n  d i s t a n c e  R :  t h i s  e l e c t r o s t a t i c  t e r m  i s  i r r e l e v a n t  
f o r  w h e n  t w o  n e u t r a l  m o l e c u l e s  r e a c t ,  s o  t h a t  t h e  f r o n t i e r  o r b i t a l  c o n t r o l  b e c o m e s
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p r e d o m i n a n t  i n  m o s t  p e r i c y c l i c  r e a c t i o n s ;  C i  a n d  C j  a r e  t h e  c o e f f i c i e n t s  o f  t h o s e  
m o l e c u l a r  o r b i t a l s  a t  a t o m s  c o n t a c t ,  w h i c h  p e r m u t a t e  a l l  f i l l e d / v a c a n t  o r b i t a l  
c o m b i n a t i o n s ;  A E ^  i s  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  e a c h  p a i r  i n  e n e r g y  u n i t s ;  a n d  (3 i s  
t h e  o v e r l a p  i n t e g r a l .  W h i l e  a l l  p e r m u t a t i o n s  o f  r e a g e n t s  o r b i t a l s  i,j m u s t  b e  c o n s i d e r e d ,  
t h e  l a r g e s t  t e r m  w i l l  c o m e  f r o m  i n t e r a c t i o n s  b e t w e e n  t h e  H O M O  o f  o n e  r e a g e n t  w i t h  t h e  
L U M O  o f  t h e  o t h e r  w h i c h  a r e  t h o s e  c l o s e s t  i n  e n e r g y  ( s m a l l e s t  A E < y ) .  T h e r e f o r e  d u r i n g  
t h e i r  i n t e r a c t i o n  t h e y  m a k e  a  d i s p r o p o r t i o n a t e  c o n t r i b u t i o n  t o  l o w e r i n g  t h e  e n e r g y  o f  t h e  
t r a n s i t i o n  s t a t e .
B y  c o m p a r i n g  a  [ 4 + 2 ]  c y c l o a d d i t i o n  s u c h  a s  D i e l s - A l d e r  r e a c t i o n  ( F i g u r e  7 )  a n d  a  [ 2 + 2 ]  
c y c l o a d d i t i o n  s u c h  a s  a n  a l k e n e  d i m e r i s a t i o n  ( F i g u r e  8)  it i s  f o u n d  t h a t  t h e  f o r m e r  h a s  
f r o n t i e r  o r b i t a l s  t h a t  m a t c h  i n  s i g n  i n  b o t h  e n d s ,  w h e r e a s  t h e  l a t t e r  d o e s  n o t .  I n  f a c t  I n  
t h e  D i e l s - A l d e r  r e a c t i o n  t h e  f r o n t i e r  o r b i t a l s  o f  t h e  r e a c t a n t s  a r e  T 2 o f  t h e  d i e n e  w i t h  T 2 
o f  t h e  d i e n o p h i l e ,  a n d  a l s o  T 3 o f  t h e  d i e n e  w i t h  T i  o f  t h e  d i e n o p h i l e .  I n  b o t h  
i n t e r a c t i o n s  t h e  b o n d i n g  o v e r l a p  o c c u r s  a t  b o n d i n g  c e n t e r s  t h e r e f o r e  t h e  r e a c t i o n  i s  
a l l o w e d .  O n  t h e  o t h e r  h a n d  i n  t h e  a l k e n e  d i m e r i s a t i o n  t h e r e  i s  a  p o s i t i v e  o v e r l a p  
b e t w e e n  o n e  b o n d i n g  p a i r  o f  c e n t e r s ,  w h i l e  t h e  o t h e r  i s  a n t i b o n d i n g  w h i c h  m a k e s  t h i s  
r e a c t i o n  a  s y m m e t r y  f o r b i d d e n  r e a c t i o n .
Figure 7. Frontier orbital interactions in the [ A + A ]  cycloaddition
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Figure 8. Frontier orbital interactions in the [„2s+n2s3 cycloaddition: a thermal reaction, b 
photochemical reaction
T h e  o r b i t a l  s y m m e t r y  c o n s t r a i n t s  d i f f e r  a c c o r d i n g  t o  t h e  p a r t i c u l a r  r e a c t i o n  g e o m e t r y  
a d o p t e d .  F o r  a  s i n g l e  7c - s y s t e m ,  b o n d i n g  i s  d e n o t e d  a s  s u p r a f a c i a l  i f  o v e r l a p  o c c u r s  a t  
t w o  l o b e s  l o c a t e d  o n  t h e  s a m e  s i d e  o f  t h e  n o d a l  p l a n e ;  t h i s  m e a n s  t h a t  t h e  t w o  t e r m i n i  o f  
t h e  u n i t  j o i n  t o  t h e  s e c o n d  u n i t  o n  t h e  s a m e  f a c e  ( b o t h  u p p e r  o r  l o w e r ) .  O n  t h e  o t h e r  
h a n d  t h e  b o n d i n g  i s  c a l l e d  a n t a r a f a c i a l  w h e n  o n e  t e r m i n u s  j o i n s  v i a  i t s  u p p e r  f a c e  a n d  
t h e  o t h e r  v i a  t h e  l o w e r  f a c e  ( F i g  9 ) .  A l t h o u g h  t h o s e  t e r m s  a r e  a p p l i e d  a l s o  t o  a - b o n d s  
a n d  s i n g l e  p - o r b i t a l s ,  s i n g l e  s - A O s ' ,  h a v i n g  a  s p h e r i c a l  g e o m e t r y ,  c a n  t a k e  p a r t  o n l y  i n  a  
s u p r a f i c i a l  o v e r l a p .
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1.5. FMO approach to Pericyclic reactions
T h e  e a s i e s t  e x p l a n a t i o n  o f  t h e  p a t t e r n  o f  r e a c t i v i t y  f o r  t h e  p e r i c y c l i c  r e a c t i o n s  i s  t h e  
f r o n t i e r  m o l e c u l a r  o r b i t a l  ( F M O )  t h e o r y .  A c c o r d i n g  t o  t h i s  t h e o r y  p e r i c y c l i c  r e a c t i o n s  
t a k e  p l a c e  a t  t h e  p o s i t i o n  a n d  i n  t h e  d i r e c t i o n  o f  m a x i m u m  o v e r l a p  b e t w e e n  t h e  H O M O  
a n d  L U M O  o f  t h e  r e a c t i n g  s p e c i e s .
T h e  P e r i c y c l i c  r e a c t i o n s  c a n  b e  d i v i d e d  i n t o  f o u r  m a i n  c l a s s e s .  T h e s e  a r e  c y c l o a d d i t i o n s ,  
e l e c t r o c y c l i c  r e a c t i o n s ,  s i g m a t r o p i c  r e a r r a n g e m e n t s  a n d  g r o u p  t r a n s f e r  r e a c t i o n s .
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1.5.1 Cycloaddition
C y c l o a d d i t i o n s  a r e  p r o b a b l y  t h e  m o s t  u s e f u l  o f  a l l  t h e  p e r i c y c l i c  r e a c t i o n s  i n  o r g a n i c  
s y n t h e s i s .  T h e y  a r e  c h a r a c t e r i s e d  b y  t w o  c o n j u g a t e  s y s t e m s  c o m i n g  t o g e t h e r  t o  f o r m  
t w o  n e w  a - b o n d s ,  a t  t h e  e n d s  o f  b o t h  c o m p o n e n t s  ( j o i n i n g  t o g e t h e r )  t o  f o r m  a  r i n g .  
C o n c e r t e d  c y c l o a d d i t i o n s  a r e  u s u a l l y  b i m o l e c u l a r  a n d  s h o w  a  s e c o n d  o r d e r  k i n e t i c s ,  
u n i n f l u e n c e d  b y  s o l v e n t  c h a n g e s  s i n c e  b o t h  r e a g e n t s  a n d  t r a n s i t i o n  s t a t e s  a r e  n o n - p o l a r .  
T h e y  a l s o  h a v e  l o w  e n t h a l p y  o f  a c t i v a t i o n  a n d  v e r y  n e g a t i v e  e n t r o p y  d u e  t o  t h e  l o s s  o f  
t r a n s l a t i o n a l  f r e e d o m  i n  t h e  a c t i v a t i o n  s t e p .
T h e  m o s t  i m p o r t a n t  t y p e  o f  c y c l o a d d i t i o n  i s  t h e  D i e l s - A l d e r  r e a c t i o n  d i s c o v e r e d  i n  
1 9 2 8 ,  k n o w n  a s  a  [ ji4 s + „ 2 s]  c y c l o a d d i t i o n ,  w h e r e  t h e  o n l y  e l e c t r o n s  d i r e c t l y  i n v o l v e d  a r e  
t h e  4  T c - e l e c t r o n s  o f  t h e  b u t a d i e n e  ( 1 7 )  ( c a l l e d  t h e  d i e n e )  a n d  t h e  2  o f  e t h y l e n e  ( 1 8 )  
( c a l l e d  t h e  d i e n o p h i l e )  t o  f o r m  c y c l o h e x e n e  ( S c h e m e  1 0 ) .
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T h e  c o n j u g a t e  s y s t e m  o n  t h e  f o u r  c a r b o n  a t o m s  c o m i n g  f r o m  t h e  d i e n e  c h a n g e s  f r o m  
f o u r  c o n j u g a t e d  p - o r b i t a l s  i n  t h e  s t a r t i n g  m a t e r i a l s ,  t o  t w o  i n  t h e  p r o d u c t  a n d  t h e  
c o n j u g a t e  s y s t e m  o f  t h e  d i e n o p h i l e  c h a n g e s  f r o m  t w o  c o n j u g a t e d  p - o r b i t a l s  t o  n o n e .
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B e c a u s e  o f  t h e  l i k e  s i g n  o f  t h e  i n t e r a c t i n g  l o b e s  o f  t h e  F M O ,  it d o e s  n o t  m a t t e r  w h i c h  
p a i r  o f  F M O  a r e  u s e d ;  b o t h  o f  t h e m  a r e  s y m m e t r y - a l l o w e d .
T h e  p r o c e s s  i s  c a l l e d  s u p r a f a c i a l  b e c a u s e  n e w  b o n d s  a r e  f o r m e d  o n  t h e  s a m e  s i d e  o f  t h e  
r e - b o n d s .  T h e  p r o c e s s  i s  i l l u s t r a t e d  f o r  t h e  c y c l o a d d i t i o n  o f  b u t a d i e n e  t o  e t h e n e  ( F i g u r e  
1 0 ) .
L U M O  b u t a d i e n e  
( 4  e ‘ s y s t e m )
H O M O  e t h y l e n e  
(2 e "  s y s t e m )
Figure 10. HOMO-LUMO interactions between butadiene and ethylene
V a r i o u s  h e t e r o a t o m s  a n a l o g u e s  o f  b o t h  d i e n e  a n d  d i e n o p h i l e ,  w h i c h  u s u a l l y  b e a r s  
e l e c t r o n - w i t h d r a w i n g  g r o u p s ,  c a n  t a k e  p a r t  i n  t h e  D i e l s - A l d e r  r e a c t i o n .  T h e  d i e n e  
r e a c t i v i t y  i s  q u i t e  s e n s i t i v e  t o  t h e i r  s t r u c t u r e :  f o r  e x a m p l e  t h e  r a t e  o f  t h e  c y c l o a d d i t i o n  
v a r i e s  b y  a  f a c t o r  o f  107 b e t w e e n  t h e  2 - m e t h y l - ( r a « s - p e n t a d i e n e  a n d  t h e  2 - m e t h y l - c w -  
p e n t a d i e n e ,5 d u e  t o  t h e  f a c t  t h a t  c i s - s u b s t i t u e n t s  a t  t h e  d i e n e  t e r m i n i ,  i n h i b i t  t h e  r e a c t i o n  
s t r o n g l y  c r e a t i n g  a  s t e r i c  h i n d r a n c e  d u r i n g  t h e  a p p r o a c h  t o  t h e  d i e n o p h i l e .  S u b s t i t u e n t s  
a t  b o t h  C 2  a n d  C 3  o f t e n  r e d u c e  t h e  r a t e  b y  i n c r e a s i n g  t h e  c o n f o r m a t i o n a l  e n e r g y  o f  t h e  
s - c z s - p l a n a r 1 f o r m  o f  t h e  d i e n e  t h a t  i s  t h e  o n l y  o n e  r e a c t i v e  ( S c h e m e  1 1 ) .
C y c l i c  d i e n e s ,  l i k e  c y c l o p e n t a d i e n e  a r e  t h e r e f o r e  m o r e  r e a c t i v e  b e c a u s e  t h e y  h a v e  a l l  
t h e i r  m o l e c u l e s  i n  s - c z ' s - a r r a n g e m e n t  a n d  t h e y  d o  n o t  h a v e  t o  a d d  t h e  d i f f e r e n c e  i n  
e n e r g y  b e t w e e n  t h e  s - t r a n s  a n d  t h e  s - c i s  t o  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  r e a c t i o n .
H O M O  b u t a d i e n e  
( 4  e "  s y s t e m )
L U M O  e t h y l e n e  /  
(2 e "  s y s t e m )
1 The letter s (for single bond) identifies s-cis and s-trans as conformation and not configuration,
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S c h e m e  1 1  s - c i s  a n d  s - t r a n s  c o n f o r m a t i o n s  o f  b u t a d i e n e
U s u a l l y  r a t e s  i n c r e a s e  w h e n  e l e c t r o n - d o n a t i n g  g r o u p s  l i k e  m e t h y l ,  a l k o x y  o r  a m i n o  
g r o u p s  a r e  o n  t h e  d i e n e  a n d  e l e c t r o n - w i t h d r a w i n g  g r o u p s  l i k e  c a r b o n y l ,  n i t r i l e ,  n i t r o  a n d  
s u l f o n y l  a r e  o n  t h e  d i e n o p h i l e .
T h e  m o s t  p o w e r f u l  d i e n o p h i l e s  a r e  t h o s e  w h i c h  h a v e  h i g h l y  e l e c t r o n - d e f i c i e n t  d o u b l e  
b o n d s  b e a r i n g  - R  s u b s t i t u e n t s ,  e . g .  t e t r a c y a n o e t h e n e  ( 1 9 ) ,  m a l e i c  a n h y d r i d e  ( 3 )  a n d  N -  
p h e n y l t r i a z e n e d i o n e  ( 2 0 )  ( F i g u r e  1 1 ) .
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Figure 11. Highly reactive dienophiles tetracyanoethene (19), maleic anhydride (3) and N- 
phenyltriazenedione (20)
T h e  c l o s e r  i n  e n e r g y  t h e  F M O s  a r e ,  t h e  g r e a t e r  i s  t h e  r a t e  o f  c o n c e r t e d  c y c l o a d d i t i o n s  
b e t w e e n  t w o  7 t - s y s t e m s .  T h e  b o n d i n g  e n e r g y  t e r m  i n  t h e  p e r t u r b a t i o n  e q u a t i o n  ( e q n . l )
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c h a n g e s  w i t h  s t r u c t u r e ,  t h e  e n e r g y  l e v e l s  o f  b o t h  d i e n e  a n d  d i e n o p h i l e ,  b e a r i n g  
a p p r o p r i a t e  s u b s t i t u e n t s ,  t h e r e f o r e  w i t h  t h e  c o e f f i c i e n t s  o f  e a c h  f r o n t i e r  o r b i t a l  a t  t h e  
b o n d i n g  t e r m i n i ,  a n d  w i t h  t h e  d i f f e r e n c e  b e t w e e n  t h e  H O M O  a n d  t h e  L U M O  ( F i g u r e  
1 2 ) .  T w o  a r e  t h e  p o s s i b l e  i n t e r a c t i o n s :
H O M O  ( d i e n e ) - L U M O  ( d i e n o p h i l e )  a n d  L U M O  ( d i e n e )  -  H O M O  ( d i e n o p h i l e )
T h e  l o w e r  t h i s  d i f f e r e n c e ,  t h e  g r a t e r  i s  t h e  o r b i t a l  i n t e r a c t i o n .  U s u a l l y  A  i s  d o m i n a n t ,  
b u t  it b e c o m e s  l e s s  w i t h  t h e  i n c r e a s i n g  o f  t h e  e l e c t r o n - w i t h d r a w i n g  c h a r a c t e r  o f  t h e  
d i e n e ,  w h i l e  B  a t  t h e  s a m e  t i m e  b e c o m e s  m o r e  i m p o r t a n t .  W h e n  t h i s  h a p p e n s ,  t h e  
c y c l o a d d i t i o n s  a r e  c l a s s i f i e d  a s  r e v e r s e  e l e c t r o n  d e m a n d .
A£(B): 1190(308) 1048(250) 1000(239) 900(215) 1172(280) 1048(250) 1017(243) 980(234)
A£(A): 820(195) 880(210) 790(188) 917(219) 840(200) 880(210) 820(195) 897(214)
Figure 12. Frontier orbital energies, E/kJ mol (kcal mol-1) for both substituted 1- and 2- butadienes
(with substituents being both +R and -R  types) and values of the energy gap AE for two
possible HOMO-LUMO combinations with ethene.
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A s  a  c l a s s  o f  p e r i c y c l i c  r e a c t i o n s ,  c y c l o a d d i t i o n s  a r e  h i g h l y  s t e r e o s p e c i f i c  w i t h  r e s p e c t  
t o  d i e n e  a n d  d i e n o p h i l e  g e o m e t r y  a n d  t h e i r  s t e r e o c h e m i c a l  c o u r s e s  a r e  c o n t r o l l e d  b y  t h e  
s y m m e t r y  p r o p e r t i e s  o f  t h e  o r b i t a l s ,  t h u s  t h e  o r i g i n a l  s t e r e o c h e m i s t r y  o f  b o t h  r e a c t a n t s ,  
d i e n e  a n d  d i e n o p h i l e ,  i s  r e t a i n e d  ( e . g .  S c h e m e l 2  a n d  S c h e m e  1 3 ) .
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T h e  c y c l o a d d i t i o n  b e t w e e n  u n s y m m e t r i c a l  s u b s t i t u t e d  d i e n e  a n d  d i e n o p h i l e ,  a l t h o u g h  
o s t e n s i b l y  l e a d i n g  t o  t w o  r e g i o i s o m e r s  ( 2 1 ,  2 2  a n d  2 3 ,  2 4  S c h e m e  1 4 )  u s u a l l y  p r e f e r s  
o n l y  o n e ,  d u e  t o  t h e  p r e s e n c e  o f  s u b s t i t u e n t s  w h i c h  c a u s e  c h a n g e s  i n  t h e  c o e f f i c i e n t s  o f  
t h e  f r o n t i e r  o r b i t a l s .
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M a j o r  p r o d u c t  w h e n  X ,  Y  
a r e  b o t h + R  g r o u p s
I n  f a c t ,  t h e  p r e s e n c e  o f  s u b s t i t u e n t s  X  ( e l e c t r o n - d o n a t i n g ) ,  a n d  Y  ( e l e c t r o n - w i t h d r a w i n g  
i n  S c h e m e  1 4 ,  e l e c t r o n - d o n a t i n g  i n  S c h e m e  1 5 )  a n d  Z  ( e l e c t r o n - w i t h d r a w i n g ) ,  i n  t h e  
r e a c t a n t s ,  e f f e c t s  t h e  m a g n i t u d e s  o f  t h e  c o e f f i c i e n t s  o f  t h e  H O M O  o f  b u t a d i e n e  (>4/ 2)  a n d  
t h e  L U M O  o f  t h e  e t h e n e  (\[/2 )  ( S c h e m e  1 5 ) .
X
f z  T y> X f
x . x
Scheme 15
C H A P T E R  1 - 2 7 -
T h e  p o l a r i s a t i o n  o f  t h e  m o l e c u l a r  o r b i t a l s  m a k e s  t h e  t w o  c a r b o n s  ( C i  a n d  C 4 )  o f  t h e  
d i e n e  a n d  t h e  o t h e r  t w o  o f  d i e n o p h i l e  n o  l o n g e r  i d e n t i c a l ;  f u r t h e r m o r e  w h i l e  t h e  
p o l a r i s a t i o n  i s  t h e  s a m e  f o r  b o t h  + R  a n d  - R  s u b s t i t u e n t s  i n  t h e  d i e n e ,  it i s  t h e  o p p o s i t e  
i n  t h e  d i e n o p h i l e .
I f  t h e  f r o n t i e r  o r b i t a l s  h a v e  a  l a r g e  c o e f f i c i e n t  i n  o n e  r e a c t i o n  t e r m i n u s  a n d  a  s m a l l  o n e  
i n  t h e  o t h e r ,  t h e  g r e a t e s t  b o n d i n g  i n t e r a c t i o n  i s  o b t a i n e d  w h e n  t h e  m a x i m u m  o v e r l a p  i s  
a c h i e v e d ;  t h a t  m e a n s  t h e  t w o  c e n t r e s  w i t h  l a r g e  c o e f f i c i e n t  a r e  p a i r e d  t o g e t h e r  a n d  t h e  
s a m e  h a p p e n  f o r  t h e  s m a l l  o n e s  ( S c h e m e  1 5 ) .
A  c y c l i c  d i e n e  s u c h  a s  c y c l o p e n t a d i e n e  (25) a d d s  t o  a n  a s y m m e t r i c a l  d i e n o p h i l e ,  s u c h  a s  
m a l e i c  a n h y d r i d e  ( 3 ) ,  i n  t w o  s t e r i c a l l y  d i f f e r e n t  w a y s ,  w h i c h  l e a d s  t o  t w o  i s o m e r s  e n d o  
(26 a), a n d  e x o  (26 b ) ( S c h e m e  1 6 ) .  A l t h o u g h  u n d e r  t h e r m o d y n a m i c  c o n t r o l  t h e  e x o  
i s o m e r  i s  t h e  m o r e  s t a b l e ,  t h e  e n d o  i s o m e r  i s  n o r m a l l y  t h e  m a j o r  o n e ,  b e i n g  t h e  p r o d u c t  
w i t h  t h e  m a x i m u m  j u x t a p o s i t i o n  o f  t h e  d o u b l e  b o n d s .  F u r t h e r m o r e ,  u n d e r  k i n e t i c  
c o n t r o l  it i s  t h e  f a v o u r e d  o n e  d u e  t o  ‘ s e c o n d a r y  o v e r l a p ’ b e t w e e n  t h e  o r b i t a l s  o f  t h e  
s u b s t i t u e n t  o n  o f  t h e  d i e n o p h i l e  m o i e t y  w i t h  t h o s e  a t  C 2 ,  C 3  i n  t h e  d i e n e  ( S c h e m e  1 7 ) .  
T h e  l o b e s  a t  t h e  c a r b o n y l  c a r b o n s  i n  t h e  L U M O  o f  t h e  m a l e i c  a n h y d r i d e ,  h a v i n g  t h e  
a p p r o p r i a t e  p o l a r i t y ,  m a k e  f u r t h e r  b o n d i n g  i n t e r a c t i o n s ,  r e d u c i n g  t h e  a c t i v a t i o n  e n e r g y  
( e n d o  26 a).
O n  t h e  o t h e r  h a n d  s u c h  i n t e r a c t i o n s  a r e  n o t  p o s s i b l e  i n  t h e  e x o  t r a n s i t i o n  s t a t e  ( e x o  2 6
b).
(1%)
O
(99% )
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  primary bonding interactions
Minimi secondary bonding interactions
S c h e m e  1 7
1.5.2 Electrocyclic
E l e c t r o c y c l i c  r e a c t i o n s  a r e  p e r i c y c l i c  u n i m o l e c u l a r  r e a c t i o n s  c h a r a c t e r i s e d  b y  t h e  
c r e a t i o n  o f  a  r i n g  f r o m  a n  o p e n - c h a i n  c o n j u g a t e  s y s t e m ,  w i t h  a  a - b o n d  f o r m i n g  a c r o s s  
t h e  e n d s  o f  t h e  t w o  c o n j u g a t e  s y s t e m ,  o r  t h e  r e v e r s e  o f  t h i s  r e a c t i o n  
F o r  e x a m p l e ,  t h e  s t r a i n e d  r i n g  o f  c y c l o b u t e n e  m a k e s  t h e  r e a c t i o n  t a k e  p l a c e  i n  t h e  r i n g -  
o p e n i n g  s e n s e  t o  f o r m  t h e  b u t a d i e n e ,  o n  h e a t i n g  ( S c h e m e  1 8 ) .
2 0 0 °  C
S c h e m e  1 8
c z s - D i m e t h y l c y c l o b u t e n e  g i v e s  t r a n s , c i s - h e x a - 2 , 4 - d i e n e  n o t  / r a « 5 , / r a r a - h e x a - 2 , 4 - d i e n e  
a s  e x p e c t e d  o n  s t e r i c  g r o u n d s  ( S c h e m e  1 9 ) .
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M e
M e
S c h e m e  1 9
T h e  o p e n i n g  o f  c y c l o b u t e n e  u s e s  4  e l e c t r o n s ,  a  4 n  n u m b e r ,  w h i c h  m e a n s  t h a t  o n e  
antarafacia l c o m p o n e n t  i s  n e e d e d .  I t  c a n  b e  c o n s i d e r e d  a s  a  c y c l o a d d i t i o n  o f  t h e  o * - b o n d  
t o  t h e  7 t - b o n d ,  i n  w h i c h  e i t h e r  t h e  a -  o r  t h e  7 c - b o n d  c a n  b e  antarafacial. I t  i s  a  [n2s+ a 2 a ] 
r e a c t i o n ,  w h e n  a  suprafacial c o m p o n e n t  i s  o n  t h e  7C - b o n d  a n d  a n  antarafacial 
c o m p o n e n t  o n  t h e  a - b o n d .  T h e r e  a r e  t w o  p o s s i b l e  s t e r e o c h e m i s t r i e s ;  c o n r o t a t o r y  a n d  
d i s r o t a t o r y .  I t  i s  c o n r o t a t o r y  if, a s  t h e  a - b o n d  b r e a k s  t h e r e  i s  a , c l o c k w i s e  a n d  
a n t i c l o c k w i s e  r o t a t i o n  w i t h  t h e  t w o  s u b s t i t u e n t s  s t a r t i n g  o f f  cis t o  e a c h  o t h e r  t o  b e c o m e  
t h e  o u t e r  s u b s t i t u e n t s  i n  t h e  o p e n - c h a i n  c o n j u g a t e  s y s t e m  ( S c h e m e  2 0 ) .  H o w e v e r ,  t h e r e  
i s  a n  a l t e r n a t i v e  d i s r o t a t o r y  r i n g  o p e n i n g ,  i n  w h i c h  b o t h  m e t h y l s  m o v e  t o w a r d s  e a c h  
o t h e r  b u t  t h i s  i s  o f  t h e  w r o n g  s y m m e t r y  s i z e  o f  t h e  s u b s t i t u e n t s  a n d  t h e  s t e r i c  h i n d r a n c e  
t h a t  t h e y  c a n  m e e t  b y  m o v i n g  i n w a r d s .  T h e  r e a c t i o n  c a n  b e  v i e w e d  a s  a  [ « 2 a +  a 2 K]  w i t h  
a n  antarafacia l c o m p o n e n t  o n  t h e  7 C - b o n d  a n d  a  suprafacial c o m p o n e n t  o n  t h e  a - b o n d .
L U M O
conrotatory
-------------j*,
Anticlockwise
rotation
or
clockwise
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F r o n t i e r  o r b i t a l  t h e o r y  t r e a t s  a - b o n d  a n d  r e - b o n d  a s  s e p a r a t e  e n t i t i e s ,  b u t  it d o e s  n o t  
m a t t e r  w h i c h  o f  t h e m  r e a c t s  a s  t h e  H O M O  a n d  w h i c h  a s  t h e  L U M O .
1.5.3 Sigmatropic rearrangements
T h e s e  a r e  c o n c e r t e d  r e a c t i o n s  i n  w h i c h  a  a - b o n d  ( o r  a  a - b o n d  e n t i t y )  m o v e s  a c r o s s  a  
c o n j u g a t e  s y s t e m  t o  a  n e w  s i t e .  A n  e x a m p l e  i s  t h e  [ 1 , 5 ]  s i g m a t r o p i c  r e a r r a n g e m e n t  o f  
h y d r o g e n  a c r o s s  a  d i e n e  ( e . g .  p e n t a - 1 , 3 - d i e n e ,  S c h e m e  2 1 ) .  T h e  o r d e r  o f  s i g m a t r o p i c  
r e a r r a n g e m e n t s  [i,j], e x p r e s s e s  t h e  n u m b e r  o f  a t o m s ,  i a n d  j ,  a c r o s s  w h i c h  t h e  a - b o n d  
m i g r a t e s .
F o r  p e n t a - 1 , 3 - d i e n e ,  t h e  a r r a n g e m e n t  i s  s u p r a f a c i a l : t h e  a - b o n d  i s  m a d e  a n d  b r o k e n  o n  
t h e  s a m e  s i d e  o f  t h e  c o n j u g a t e d  s y s t e m ,  w i t h  t h e  b o n d i n g  o v e r l a p  a c h i e v e d  o n  t h e  s a m e  
s i d e  o f  t h e  p e n t a d i e n y l  m o i e t y  ( F i g u r e  1 3 ) .
S c h e m e  2 1
TC LUMO G h o m o
Figure 13. Suprafacial arrangement for penta-l,3-diene
1.5.4 Chelotropic reactions
C h e l o t r o p i c  r e a c t i o n s  a r e  a  s u b - c l a s s  o f  c y c l o a d d i t i o n ,  a l s o  c a l l e d  c y c l o - r e v e r s i o n s  i n  
w h i c h  t w o  b o n d s  a r e  m a d e  o r  b r o k e n  t o  t h e  s a m e  a t o m .  T h u s  b o t h  t e r m i n i  o f  t h e  r e ­
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s y s t e m  a r e  l in k e d  t o  t h e  s a m e  a t o m ;  s u c h  a s  in  t h e  a d d i t i o n  o f  s u lp h u r  d i o x i d e  t o  d ie n e s  
a n d  th e  c a r b e n e s  t o  a lk e n e s  ( S c h e m e  2 1 ) . 6 W h e n  s u lp h u r  d i o x id e  a d d s  t o  b u ta d ie n e ,  it  
p r o v id e s  a  l o n e  p a i r  t o  o n e  o f  t h e  b o n d s  a n d , a t  t h e  s a m e  t im e ,  r e c e i v e s  e l e c t r o n s  t o  f o r m  
t h e  o t h e r  b o n d  a n d  t o  f o r m  t h e  a d d u c t  2 7 .
M e
)/  ° 
p  r s*
Y )  ' o  ■ » *
M e
S c h e m e  2 2
C o m p a r e d  w i t h  o t h e r  c y c l o a d d i t i o n s ,  f o r  th e s e  r e a c t io n s ,  i t  is  m o r e  d i f f i c u l t  t o  i d e n t i f y  
th e  f r o n t i e r  o r b i t a l s  o f  th e  o n e - a t o m  c o m p o n e n t  w h i c h  n e e d s  b o t h  a  f i l l e d  a n d  a  v a c a n t  
o r b i t a l  o f  t h e  c o r r e c t  g e o m e t r y  . In  th is  p a r t ic u la r  c a s e ,  t h e  t e r m in i  a r e  l in e a r  a n d  t h e y  
g i v e  a  c o p la n a r  g e o m e t r y  ( F i g u r e  1 4 ).
L U M O
Figure 14. Llinear approach: disrotatory on die left; non-linear approach :conrotatory on the right
I n  t h e  r e a c t io n  o f  d i c h lo r o c a r b e n e  ( 2 8 )  w i t h  a n  a lk e n e ,  f o u r  e l e c t r o n s  a r e  i n v o l v e d  a n d  it  
o c c u r s  s u p r a f a c ia l l y  o n  th e  a lk e n e  p r e s e r v in g  t h e  g e o m e t r y  o f  t h e  s u b s t itu e n ts  in  th e  
s t a r t in g  a lk e n e  in  th e  p r o d u c t ,  c y c l o p r o p a n e  (S c h e m e  2 3 ) .
L U M O
H O M O
H O M O
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T h e  r e a c t i o n  o c c u r s  e v e n  t h o u g h  t h e  H O M O - L U M O  i n t e r a c t i o n  a p p e a r s  t o  b e  
a n t i b o n d i n g .  T h e  r e a s o n  i s  t h a t  t h e  c a r b e n e  d o e s  n o t  a p p r o a c h  l i n e a r l y ,  b u t  t h e  o v e r l a p  
d e v e l o p s  w h e n  t h e  c a r b e n e  i s  s i d e w a y s  o n  t o  t h e  o l e f i n ,  t h i s  m e a n s  a t  t h e  r i g h t  a n g l e s  t o  
it ( S c h e m e  2 4 ) .
. L U M O
A  A  -  . L U M O
™ 0  o e
§ +  2  e  ( H O M O )  2  e
( H O M O )
^  H O M O
I n t e r a c t i o n  a n t i b o n d i n g  s i d e w a y - a p p r o a c h
S c h e m e  2 4
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1.6. Ene reaction
1.6.1 Background
T h e  e n e  r e a c t i o n  i s  d e f i n e d  a s  a n  i n d i r e c t  a d d i t i o n  o f  a  c o m p o u n d  w i t h  a  d o u b l e  b o n d ,  
c a l l e d  t h e  e n o p h i l e  (29), t o  a n  a l k e n e ,  c a l l e d  e n e  (30), w i t h  a n  a l l y l i c  h y d r o g e n  w h i c h  
m i g r a t e s  t o  t h e  o t h e r  c o m p o u n d .  I t  i n v o l v e s  a n  a l l y l i c  s h i f t  o f  o n e  d o u b l e  b o n d ,  t r a n s f e r  
o f  t h e  a l l y l i c  h y d r o g e n  t o  t h e  e l e c t r o n - d e f i c i e n t  e n o p h i l e  ( t h e  r e - s y s t e m )  a n d  b o n d i n g  
b e t w e e n  t h e  t w o  u n s a t u r a t e d  t e r m i n i  ( S c h e m e  2 5 ) .
29 30
S c h e m e  2 5
A l t h o u g h  t h e  e n e  r e a c t i o n  i s  o n e  o f  t h e  m o s t  s i m p l e  r e a c t i o n s  i n  o r g a n i c  c h e m i s t r y ,  f o r  a  
l o n g  t i m e  t h e  r e a c t i o n  h a s  r e m a i n e d  o v e r  s h a d o w e d  b y  t h e  D i e l s - A l d e r  a d d i t i o n  a n d  it 
h a s  r e c e i v e d  r e l a t i v e l y  l i t t l e  a t t e n t i o n  i n  t e r m s  o f  m e c h a n i s t i c  a n d  k i n e t i c s  s t u d i e s .  O n  
t h e  o t h e r  h a n d  i t  i s  s h o w n  t h a t  t h e  e n e  r e a c t i o n  p o s s e s s e s  w i d e  a p p l i c a b i l i t y  r a n g i n g  
f r o m  i n d u s t r i a l  t o  b i o s y n t h e t i c  p r o c e s s . 7
H o w e v e r ,  s o m e  e x a m p l e s  o f  r e a c t i o n s  w h i c h  c o n f o r m  t o  t h e  ‘ e n e  r e a c t i o n ’ s c h e m e  
a b o v e  h a v e  l o n g  b e e n  k n o w n  f o r  e x a m p l e  t h e  r e a c t i o n s  o f  o l e f i n s ,  e . g .  ( + ) - A 1 - p -  
m e n t h e n e  (32), ( S c h e m e  2 6 )  w i t h  f o r m a l d e h y d e  i n  t h e  t h e r m a l  P r i n s  r e a c t i o n  t o  f o r m  t h e  
a l c o h o l  31.8
350 °C, -CH20
CH20,AcOH
0 = c h 2
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S o m e  r e t r o - e n e  r e a c t i o n s  h a v e  b e e n  k n o w n  s i n c e  t h e  b e g i n n i n g  o f  t h e  c e n t u r y ;  f o r  
e x a m p l e  t h e  f o r m a t i o n  o f  o l e f i n s  b y  e s t e r  p y r o l y s i s  ( e . g .  S c h e m e  2 7 ) 9  a n d  t h e  
d e c a r b o x y l a t i o n  o f  P - k e t o a c i d s .  I n  t h e  l a t t e r  t h e  s t e r i c  r e q u i r e m e n t s  a r e  d e m o n s t r a t e d  b y  
t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  e x o  b i c y c l o b u t a n e c a r b o x y l i c  a c i d s  ( 3 3 )  w h i c h  d o e s  n o t  r e a c t  
u p  t o  2 0 0  ° C ,  w h e r e a s  t h e  s t r u c t u r a l l y  r e l a t e d  e n d o  a c i d  ( 3 4 )  a f f o r d s  1,3- 
p h e n y l c y c l o b u t e n e  ( 3 5 )  q u a n t i t a t i v e l y  o n  h e a t i n g  t o  8 5  ° C  ( S c h e m e  2 7 ) . 1 0
M e
\
xc = o
o >
\  V
H
H--C C-..,,
P h
v - H  
P h
M e
\
O '
c —o
H
C — C
x / i  k ' H  
H  P h  P h
. X — C f  +  
P h  P h
M e
O  H
M e
C - O
° /  H  H  P h
\ r — r
P h - ^ C — C - n p b  p h /  \ H
H  H
S c h e m e  2 7
C 6 H 5 _______
A 4 h5
H
35
S c h e m e  2 8
E v e n t u a l l y  t h e  e n e  r e a c t i o n  w a s  i n v e s t i g a t e d  b y  A l d e r  i n  19431 1  a n d  i t s  s c o p e  b e g a n  t o  
b e  r e c o g n i s e d .
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1.6.2 Ene Compounds
D i f f e r e n t  t y p e s  o f  o l e f i n s  h a v e  b e e n  u s e d  a s  e n e  c o m p o n e n t  i n  e n e  r e a c t i o n . 1 2
1.6.2.1 M onoo le fins .
I n  p r a c t i c e  t h e  p r o t o t y p e  e n e  r e a c t i o n  b e t w e e n  p r o p e n e  a n d  e t h e n e  ( S c h e m e  2 5 )  h a s  n o t  
b e e n  o b s e r v e d  a n d  o n l y  t h e  r e v e r s e  r e a c t i o n  s u c h  a s  t h e  d e c o m p o s i t i o n  o f  1 - p e n t e n e ,  
c a n  b e  a c h i e v e d  a t  v e r y  h i g h  t e m p e r a t u r e s . 1 3  O n  t h e  o t h e r  h a n d  a c e t y l e n e  (36) r e a c t s  
w i t h  a  n u m b e r  o f  s i m p l e  a l k e n e s  ( e . g .  i s o b u t y l e n e  (37) S c h e m e  3 0 )  t o  f o r m  1 , 4 - d i e n e s  
(38) u n d e r  h i g h  p r e s s u r e . 1 4
.H
3 7
flow reactor 
170 atm
3 6 3 8
S c h e m e  2 9
A  n u m b e r  o f  i s o m e r i c  b u t e n e s  a n d  p e n t e n e s  (39) h a v e  b e e n  t r e a t e d  w i t h  d i e t h y l  
a z o d i c a r b o x y l a t e  (40), a  r e a c t i o n  e n o p h i l e  ( S c h e m e  3 0 ) . 1 5
H  C 0 2 C 2 H 5
N  8 0  c
.. + ii
R ^  N
C 2 H 5 0 2 C
N t / c o 2 c 2 h 5
c o 2 c 2 h 5
39 4 0
S c h e m e  3 0
T h e  a z o  e s t e r  a t t a c k s  t h e  l e a s t  s u b s t i t u t e d  a l l y l i c  p o s i t i o n  p r e f e r e n t i a l l y ,  d u e ,  t h e  a u t h o r  
c l a i m s ,  t o  t h e  f a c t  t h a t  a  p r i m a r y  h y d r o g e n  i s  a b s t r a c t e d  f a s t e r  t h a n  a  s e c o n d a r y  o r  a  
t e r t i a r y  o n e .  3 - M e t h y l - 1 - b u t e n e  ( 4 1 ) ,  c a n  o n l y  d o n a t e  i t s  c r o w d e d  i s o p r o p y l  h y d r o g e n  t o
C H A P T E R  1 - 3 6 -
t h e  e n o p h i l e ,  t h e r e f o r e  it r e a c t s  v e r y  s l o w l y  d e s p i t e  t h e  f a c t  t h a t  t h e  a b s t r a c t e d  h y d r o g e n  
i s  t e r t i a r y  ( S c h e m e  3 1 ) .  I n  t h i s  c a s e  i s  v e r y  d i f f i c u l t  t o  i s o l a t e  t h e  m o n o  a d d u c t  ( 4 2 ) ,  
w h i c h  h a v i n g  s i x  p r i m a r y  h y d r o g e n  a t o m s ,  f o r m s  t h e  b i s a d d u c t  v e r y  s m o o t h l y .
3°
41
42
S c h e m e  3 1 :  R e a c t i o n  o f  i s o m e r i c  b u t e n e s  w i t h  d i e t h y l  a z o d i c a r b o x y l a t e  (40)
1.6.2.2 M ethy lenec lyc loa lkanes a n d  1-m ethylcycloa lkenes
M e t h y l e n e c y c l o b u t a n e  (43) t r e a t e d  w i t h  m a l e i c  a n h y d r i d e  (3) g i v e s  a  1 : 1  e n e - a d d u c t  
(47) b u t  a l s o  a  2 : 1  a d d u c t  (48) r e s u l t i n g  f r o m  e l e c t r o c y c l i c  r i n g - o p e n i n g  t o  (44), 
f o l l o w e d  b y  D i e l s - A l d e r  o n  t h e  s u b s t i t u t e d  i s o p r o p e n e  (46).1 6  F r o m  i s o m e r i s a t i o n  o f  
(43) t o  1 - m e t h y l c y c l o b u t e n e  (43 a) f o l l o w e d  b y  r i n g  o p e n i n g  t o  g i v e  i s o p r o p e n e  (45), 
t h i s  y i e l d s  t h e  i s o p r o p e n e - m a l e i c  a n h y d r i d e  D i e l s - A l d e r  a d d u c t  (47) ( S c h e m e  3 2 ) .
A n o t h e r  e x a m p l e  i s  p - p i n e n e  (49), w h i c h  i s  p a r t i c u l a r l y  r e a c t i v e  t o w a r d s  s e v e r a l  
e n o p h i l e s  ( e . g .  m a l e i c  a n h y d r i d e  a n d  f o r m a l d e h y d e ) . 1 7  T h e  a x i a l  h y d r o g e n ,  w h i c h  i s  o n  
t h e  m o r e  a c c e s s i b l e  e n d o  f a c e  i s  a b s t r a c t e d  f r o m  { 3 - p i n e n e  t o  r e a d i l y  f o r m  a d d u c t s  ( e . g .  
5 0 )  w h e r e  t h e  p i n e n e  c a r b o n  s k e l e t o n  i s  r e t a i n e d  ( S c h e m e  3 3 ) .
C H A P T E R  1 -37-
S c h e m e  3 2
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C H A P T E R  1 - 3 8 -
1.6.2.3 1,3-Dienes
F o r  t h e  1 , 3 - d i e n e s  t o  r e a c t  v i a  t h e  e n e  r e a c t i o n  i n s t e a d  o f  v i a  t h e  D i e l s - A l d e r  r e a c t i o n ,  
s o m e  s p e c i f i c  c o n d i t i o n s  n e e d  t o  b e  u s e d .  F o r  e x a m p l e  w h e n  1 , 3 - c y c l o h e x a d i e n e  ( 5 2 )  
r e a c t s  w i t h  a z o d i c a r b o x y l a t e  ( 4 0 )  i t  f o r m s  m a i n l y  t h e  e n e - a d d u c t  ( 5 3  a )  a n d  D i e l s - A l d e r  
c y c l o - a d d u c t  ( 5 3  b )  i n  l o w  y i e l d  ( S c h e m e  3 4 ) .  O n  t h e  o t h e r  h a n d  i f  t h e  r e a c t i o n  i s  
i r r a d i a t e d  b e l o w  r o o m  t e m p e r a t u r e  5 3  b  i s  t h e  o n l y  p r o d u c t . 1 8
4 0 c o 2c 2h 5
5 2
c 2h 5o 2c "
h - n c o 2 c 2 h 5
N - C 02 C H 2H 5
5 3  a  8 0 %  5 3  b  1 0 %
N ^ c o 2c 2H 5
c o 2 c 2 h 5
n h c o 2 c 2 h 5
n h c o 2 c 2 h 5
S c h e m e  3 4
1.6.2.41,4-Diene
1 , 4 - c y c l o h e x a d i e n e  ( 5 4 )  r e a c t s  l e s s  r e a d i l y  ( a b o u t  f i f t e e n  t i m e s ) ,  w i t h  d i e t h y l  
a z o c a r b o x y l a t e  ( 4 0 )  ( S c h e m e  3 5 )  t h a n  1 , 3 - c y c l o h e x a d i e n e  a l t h o u g h  it g a i n s  c o n j u g a t i o n  
e n e r g y  d u r i n g  t h e  r e a c t i o n  w h i l e  t h e  l a t t e r  l o s e s  it, a n d  i n  t h e i r  e q u i l i b r i u m  w i t h  a  s t r o n g  
b a s e ,  t h e y  d i f f e r  b y  2 . 5  k J  o n l y .
C 0 2C 2H j
C jH jO jC '
C 0 2C 2h 5
^ n - n h c o 2c 2h 5u * O n h c o 2c 2h 5n h c o 2c 2h 5
54
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C H A P T E R  1 - 3 9 -
A l k y n e s  g i v e  t h e  e n e  r e a c t i o n  o n l y  w i t h  p o w e r f u l  e n o p h i l e s .  F o r  e x a m p l e  1 - h e x y n e  ( 5 5 )  
r e a c t s  w i t h  b e n z y n e  t o  f o r m  t h e  e x p e c t e d  a l l e n e  ( 5 6 )  o n l y  i n  4 %  ( S c h e m e  3  6);19 o n  t h e  
o t h e r  h a n d  1 - e t h o x y p r o p y n e  ( 5 7 )  f o r m s  a n  i n t e r m e d i a t e  a l l e n e  ( 5 8 ) ,  w h i c h  e v e n t u a l l y  
g i v e s ,  w i t h  a n  e x c e s s  o f  b e n z y n e ,  t w o  b i s - a d d u c t  ( 5 9 )  a n d  ( 6 0 )  ( S c h e m e  3 6 ) . 2 0
L  6.2.5 A l k y n e s  a n d  Allenes
C T F - C B r C ^ C H
5 5
c 2h 3o o ^ c — c h 3 
5 7
< 4 %
f
H
O f t '
/
0 =  C =  C H —  C 3H 7 
5 6
C 2B 5Q
Q 5H 5/
;c = o c h >
S c h e m e  3 6
O C 2H 5
5 9
C 2H 5O
Q U b -
6 0
1.6.2.6 S tra in e d  k-  a n d  a -b o n d s
A l k e n e s  w i t h  s t r a i n e d  d o u b l e  b o n d s  s e e m  t o  b e  p a r t i c u l a r l y  k e e n  at: r e a c t i n g  v i a  a n  e n e  
r e a c t i o n .  F o r  e x a m p l e ,  s e s q u i t e r p e n e  c a r y o p h y l l e n e  ( 6 1 ) ,  w h i c h  c o n t a i n s  a  s t r a i n e d  
t r a n s  d o u b l e  b o n d ,  r e a c t s  s m o o t h l y  w i t h  m a l e i c  a n h y d r i d e  i n  r e f l u x i n g  b e n z e n e  t o  f o r m  
t h e  e n e  a d d u c t  ( 6 2 )  ( S c h e m e  3 7 ).21
M A ,
--------------------
62
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1.6.3 Enophile Compounds
C H A P T E R  1 - 40 -
T h e  e n e  r e a c t i o n  i s  n o t  l i m i t e d  t o  c a r b o n  s y s t e m s  b u t  i s  a p p l i c a b l e  t o  a  w i d e  c h o i c e  o f  
e n o p h i l e s : 2 2
1.6.3.1 A lkenes
A s  w e l l  a s  D i e l s - A l d e r  r e a c t i o n ,  e ^ - d e f i c i e n t  a l k e n e s  w i t h  a  l o w  e n e r g y  L U M O  a r e  
c o m m o n l y  t o  b e  u s e d  a s  e n o p h i l e s .  M a l e i c  a n h y d r i d e  i s  a m o n g  t h e  m o s t  w i d e l y  u s e d .  I t s  
t y p i c a l  c o n d i t i o n s  f o r  r e a c t i o n s  w i t h  s i m p l e  a l l y l i c  c o m p o u n d s ,  a r e  T =  2 2 0 ° C ,  t =  2 0  
h o u r s ,  u s e  o f  a n  a r o m a t i c  s o l v e n t  s u c h  a s  t r i c h l o r o b e n z e n e ,  w h i c h  w i t h  i t s  h i g h  b o i l i n g  
p o i n t  ( 2 0 0 - 2 1 0 ° C )  m a k e s  u s e  o f  a u t o c l a v e  u n n e c e s s a r y .  T h e  y i e l d  o f  e n e - a d d u c t  u n d e r  
t h e s e  c o n d i t i o n s  c a n  b e  h i g h  ( - 8 0 % )  2 3
O n  t h e  o t h e r  h a n d  t e t r a c y a n o - e t h y l e n e  i s  r a r e l y  u s e d  a s  e n o p h i l e 2 4  a n d  a , | 3 - u n s a t u r a t e d  
k e t o n e s ,  e s t e r s  a n d  n i t r i l e s , 2 5  i n  w h i c h  t h e  d o u b l e  b o n d  i s  a c t i v a t e d  b y  o n l y  o n e  
e l e c t r o n - a t t r a c t i n g  g r o u p ,  a r e  l e s s  r e a c t i v e  t h a n  m a l e i c  a n h y d r i d e .
1.6.3.2 A lkynes
A l k y n e s  u s u a l l y  u n d e r g o  t h e  e n e  r e a c t i o n  m o r e  r e a d i l y  t h a n  a l k e n e s .  A c e t y l e n e  r e a c t s  
w i t h  i s o b u t e n e  a t  3 5 0 °  C  u n d e r  s p e c i a l  c o n d i t i o n s .  A c e t y l e n e d i c a r b o x y l i c  e s t e r s  2 6 , 2 1 , 
p r o p i o l i c  e s t e r ,  2 6 , 2 7 b  a n d  d i c y a n o a c e t y l e n e 2 8  r e a c t  b e l o w  2 0 0 °  C  e v e n  w i t h  u n a c t i v a t e d  
e n e  c o m p o n e n t s .  H e x a f l u o r o - 2 - b u t y n e  (63) r e a c t s  w i t h  p r o p e n e  1 (64) t o  r e a d i l y  f o r m
1 , 4 - d i e n e  (65) ( S c h e m e  3 8 ) .
H
k
63
C F 3
C F 3
64 65
S c h e m e  3 8
u Compound is mentioned as isobutene and 2-butene in the ref. H. M. R. Hoffmann, Angew. Chem. 
Internal Edit., 1969, 8, 556;
C H A P T E R  1 -4 1  -
D e h y d r o b e n z e n e  ( B e n z y n e )  i s  s t r o n g l y  e l e t r o p h i l i c  a n d  o n e  o f  t h e  m o s t  p o w e r f u l  
e n o p h i l e s .  I n  r e a c t i o n s  w i t h  c o n j u g a t e d  o p e n - c h a i n  d i e n e s ,  t h e  e n e  r e a c t i o n  c a n  c o m p e t e  
f a v o u r a b l y  w i t h  D i e l s - A l d e r  a d d i t i o n 1 2 , b u t  l e s s  w i t h  c y c l i c  d i e n e s ,  w h e r e  t h e  c i s o i d  
c o n f o r m a t i o n  f a v o u r s  a  4 + 2  c y c l o a d d i t i o n .  W h e n  it r e a c t s  w i t h  s i m p l e  a l k e n e s  s u c h  a s  
i s o b u t e n e  ( 6 6 ) , 2 9  2 , 3 - d i m e t h y l - 2 - b u t e n e  ( 6 7 ) 3 0  a n d  c y c l o h e x e n e  ( 6 8 ) 3 1  t h e y  a r e  r e a d i l y  
p h e n y l a t e d  w i t h  a  s h i f t  o f  t h e  d o u b l e  b o n d  ( S c h e m e  3 9 ) .
I n  a l l  t h r e e  r e a c t i o n s  f u r t h e r  p r o d u c t s ,  w h i c h  h a v e  n o t  b e e n  i d e n t i f i e d ,  w e r e  f o r m e d  2 9 , 3 2
6 7
6 8
C g H s
C 6 H 5
c 6 h 5 .
19%
13%
4 % 5%
S c h e m e  3 9
E v e n  a l k y l a r e n e s  g i v e  e n e  r e a c t i o n  w i t h  d e h y d r o b e n z e n e :  f o r  e x a m p l e  w h e n  t o l u e n e  
( 6 9 )  r e a c t s  w i t h  b e n z y n e ,  l - b e n z y l - 2 - p h e n y l b e n z e n e  ( 7 0 )  i s  t h e  m a i n  p r o d u c t  ( 4 6 % )  a n d  
i t  i s  f o r m e d  i n  a  d o u b l e  e n e  r e a c t i o n ,  w h i l e  D i e l s - A l d e r  a d d i t i o n  a n d  t h e  i n s e r t i o n  t o  
d i p h e n y l m e t h a n e  a r e  l e s s  i m p o r t a n t  ( S c h e m e  4 0 ) .
C H A P T E R  1 -42-
c6h 5
6 9 46%
c h 3
+
c h 3
38% 16%
C H 2 .
t r a c e
S c h e m e  4 0
1.6.3.3 Azo com pounds
A m o n g  t h e  m o s t  w i d e l y  u s e d  d e r i v a t i v e s  i s  d i e t h y l  a z o d i c a r b o x y l a t e  ( 4 0 ) ,  w h i c h  r e a c t s  
w i t h  t h e  e n e  c o m p o n e n t ,  g e n e r a l l y  u n d e r  m i l d  c o n d i t i o n s ,  e . g .  h e a t i n g  t o  8 0  ° C  f o r  a  f e w  
h o u r s  t o  l e t  t h e  r e a c t i o n  c o m p l e t e 3 3
I t s  r e a c t i o n  w i t h  c o n j u g a t e  d i e n e s  a n d  t r i e n e s ,  1 , 4 - d i e n e s  a n d  w i t h  a l d e h y d e  h y d r a z o n e s  
( 7 1 )  a l s o  o c c u r s  v i a  t h e  e n e  p a t h  ( S c h e m e  4 1 ) .
C * H 5  
u '  X N — n £
c 2 h 5 o 2 c /  c o 2 c 2 h 5
. n - n h c s h 5
R — C
S N — N H C 0 2 C 2 H 5
c o 2 c 2 h 5
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C H A P T E R  1 -4 3  -
D i e t h y l  a z o d i c a r b o x y l a t e  h a s  g e n e r a l  h y d r o g e n - a b s t r a c t i n g  p r o p e r t i e s .  I n  f a c t  it 
s m o o t h l y  o x i d i z e s  p r i m a r y  a n d  s e c o n d a r y  a l c o h o l s ,  t h i o l s ,  a n i l i n e s  a n d  h y d r a z o b e z e n e  
t o  a l d e h n y d e s ,  k e t o n e s ,  d i s u l p h i d e s ,  a z o b e n z e n e s  a n d  a z o b e n z e n e  r e s p e c t i v e l y  w h i l e  it 
i s  c o n v e r t e d  i n t o  d i e t h y l  h y d r a z o c a r b o x y l a t e . 3 4
1.6.3.4 C a rbony l compounds.
W h e n  f o r m a l d e h y d e  r e a c t s  t h e r m a l l y  w i t h  a l k e n e s  i n  a b s e n c e  o f  c a t a l y s t  it g e n e r a l l y  
g i v e s  t h e  p r o d u c t s  e x p e c t e d  f r o m  t h e  e n e  r e a c t i o n . 1 2  O n  t h e  o t h e r  h a n d  w h e n  t h e  
r e a c t i o n  i s  a c i d - c a t a l y s e d  t h e  m e c h a n i s m  c a n  o c c u r  p a r t l y  v i a  a n  e l e c t r o p h i l i c  a d d i t i o n  
o f  p r o t o n a t e d  f o r m a l d e h y d e .
T h e  P r i n s  r e a c t i o n 3 5  o f  ( + ) - A 1- p - m e n t h e n e  ( 3 2 )  w i t h  f o r m a l d e h y d e  l e a d s  t o  y , 8 -  
u n s a t u r a t e d  a l c o h o l  ( 3 1 ) ,  w h i c h  i s  f o r m e d  w i t h  m o r e  t h a n  9 8 %  r e t e n t i o n  a t  t h e  C - 4  
c a r b o n  ( S c h e m e  4 2 ) .
H
\
O
C H 20, A cO H
350°C, -CH20
/ \
3 2  ' 3 1
S c h e m e  4 2
A  v a r i e t y  o f  k e t o n e s  h a v e  b e e n  e m p l o y e d  a s  e n o p h i l e ;  d i e t h y l  m e s o x a l a t e  ( 7 2 )  r e a c t s  
w i t h  p e n t - l - e n e ,  c y c l o h e x e n e  a n d  a - m e t h y l s t y r e n e .  A s  a n  e n o p h i l e  i t  a p p e a r s  t o  b e  
s u p e r i o r  t o  f o r m a l d e h y d e ,  b u t  i n f e r i o r  t o  c a r b o n y l  c y a n i d e  ( S c h e m e  4 3 ) . 3 6
C 2 H 5 - C H 2 ~ C H = : C H 2  +  0 - C ( C 0 2 C 2 H 5 ) 2
7 2
160°C, 8 h
C 2H 5- C H = C H — C H 2C (C 0 2 C 2H 5 )2 0 H
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C H A P T E R  1 - 4 4 -
U s u a l l y  i n  t h e  e n e  r e a c t i o n  o f  a l k e n e s  w i t h  c a r b o n y l  c y a n i d e  ( 7 3 )  t h e  f i r s t  f o r m e d  
a d d u c t  a l c o h o l s  ( 7 4 )  a r e  n o t  s o  e a s y  t o  i s o l a t e ;  a s  t h e y  a r e  f a i r l y  a c i d i c ,  t h e y  r e a d i l y  l o s e
• 37
h y d r o g e n  c y a n i d e  a n d  r e a c t  w i t h  a  s e c o n d  m o l e c u l e  o f  c a r b o n y l  c y a n i d e  ( S c h e m e  4 4 ) .
H a  O
T jl
C > .  N C " V  C N  
P h /  \  _
7 3
° C — C H 3
25^0, 24 h
c h 2  c h 3  c n
II /  /
C—C— C—- O H  
h  \ n  
7 4
C O ( C N ) 2 *
-  H C N C 6 H 5
c h 2  c h 3  o
C — C H — C ( C N ) 2 O C C N
S c h e m e  4 4
L  6.3.5 S in g le t Oxygen. ii
I t  h a s  b e e n  s h o w n 3 8  t h a t  i n  t h e  d y e - s e n s i t i s e d  p h o t o o x y g e n a t i o n  o f  o l e f i n s ,  t h e  r e a c t i v e  
i n t e r m e d i a t e  i s  t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  o f  m o l e c u l a r  o x y g e n  [ 0 2 ( 1 m g ) ] ,  w h i c h  i s  
o n l y  9 2  k J  a b o v e  t h e  g r o u n d  s t a t e ;  0 2 ( 1 D g )  r e s e m b l e s  e t h y l e n e  e l e c t r o n i c a l l y ,  b u t  i s  
m o r e  e l e c t r o n - d e f i c i e n t .  T h e  r e a c t i o n  w i t h  s i n g l e t  o x y g e n  l e a d  t o  a l l y l i c  h y d r o p e r o x i d e s ,  
w h i c h  c a n  b e  e a s i l y  r e d u c e d  t o  a l l y l i c  a l c h o l s  ( S c h e m e  4 5 ) .  T h e  a l c o h o l s  d e r i v e d  f r o m  
l i m o n e n e  ( 7 5 )  a r e  n a t u r a l  p r o d u c t s ,  a n d  t h e  c a r v e y l  a l c o h o l s  a r e  f o r m e d  v i a  t h e  c a r v e y l  
h y d r o - p e r o x i d e s  ( 7 6 )  a n d  ( 7 7 )  w i t h  c o m p l e t e  c o n s e r v a t i o n  o f  c h i r a l i t y  a t  t h e  C - 4  c a r b o n  
w i t h o u t  i n v o l v i n g  a  s u b s t i t u t e d  c y c l o h e x e n y l  r a d i c a l  i n t e r m e d i a t e  ( 7 8 ) ,  w h i c h  i s  
s y m m e t r i c a l . 3 9
0 2
h o o ,
7 6
S c h e m e  4 5
77 78
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T h e r e  h a s  b e e n  m u c h  d i s c u s s i o n  o f  t h e  m e c h a n i s m  o f  t h i s  r e a c t i o n  ( S c h e m e  4 6 ) ,  a n d  
c o n c e r t e d  p e r i c y c l i c 4 0 , s t e p w i s e  m e c h a n i s m s ,  m e c h a n i s m s  i n v o l v i n g  z w i t t e r i o n  a n d  
d i r a d i c a l  i n t e r m e d i a t e s  h a v e  b e e n  p r o p o s e d . 1 2
1.7 Reaction mechanisms
a n t e  e n o p h i l e
S c h e m e  4 6
T h e  c o n c e r t e d  p a t h  i n  t h e  t r a n s i t i o n  s t a t e  m a x i m i s e s  a l l y l i c  r e s o n a n c e  b y  t u r n i n g  t h e  
a x i s  o f  t h e  b r e a k i n g  c a r b o n - h y d r o g e n  b o n d  p a r a l l e l  t o  t h e  p - o r b i t a l s  o f  t h e  n e i g h b o u r i n g  
d o u b l e  b o n d  ( s e e  F i g u r e  1 5 )  4 1  H o w e v e r ,  t h e  s t e p w i s e  p r o c e s s  m a y  o c c u r ,  p r o v i d e d  t h e  
o p t i m u m  g e o m e t r y  o f  t h e  t r a n s i t i o n  s t a t e  i s  i n a c c e s s i b l e  a n d  t h e  i n t e r m e d i a t e  r a d i c a l  o r  
b i r a d i c a l  i s  s t a b i l i s e d .
Figure 15. Bonding in the transition state of the ene reaction
H o w e v e r  it w a s  f o u n d  t h a t  t h e  V o l u m e  o f  t h e  t r a n s i t i o n  i s  s m a l l e r  t h a n  t h e  v o l u m e  o f  
t h e  r e a c t a n t s ,  t h e r e f o r e  t h e  a c t i v a t i o n  v a l u e s  a r e  n e g a t i v e  a s  e x p e c t e d  f o r  a  c o n c e r t e d
42
r e a c t i o n .
1.7.1 FMO approach to the 4 ene’
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T h e  e n e  r e a c t i o n  c a n  b e  a n a l y s e d  i n  t e r m s  o f  F r o n t i e r  M o l e c u l a r  O r b i t a l  ( F M O )  t h e o r y  
a s  a  p e r i c y c l i c  i n t e a r m o l e c u l a r  1 , 5 ( s y m m e t r y - a l l o w e d )  H  s h i f t  i n v o l v i n g  a  H - C - C = C  
( 2 a ,  2 t c )  e n e  H O M O ,  w i t h  a  C = C  ( 2 n )  e n o p h i l e  L U M O  a s  s h o w n  i n  S c h e m e  ( 4 7 ) .
S c h e m e  4 7
T h e  d i s t i n c t i o n  o f  e n d o  a n d  e x o  t r a n s i t i o n  s t a t e s  i s  m o r e  d i f f i c u l t  i n  t h e  e n e  r e a c t i o n ,  
w h i c h  d o e s  n o t  l e a d  t o  c y c l i c  a d d u c t s ,  r a t h e r  t h a n  i n  t h e  D i e l s - A l d e r  a d d i t i o n .
F o r  e x a m p l e  i n  t h e  r e a c t i o n  o f  p h e n y l b u t - l - e n e  a n d  M A  ( S c h e m e  4 8 ) 7 b  a r e  t w o  p o s s i b l e  
e n d o  t r a n s i t i o n  s t a t e s  o n e  l e a d i n g  t o  a n  E - a l k e n e ,  t h e  o t h e r  t o  a  Z - a l k e n e  a n d  l i k e w i s e  
t w o  e x o  t r a n s i t i o n  s t a t e s .  D e s p i t e  t h e  e x p e r i m e n t a l  f i n d i n g s  o f  B e n n  a n d  D w y e r , 4 3  w h i c h  
s u g g e s t  a n  e x o  t r a n s i t i o n  s t a t e  f o r  t h e  e n e  r e a c t i o n ,  a b  i n i t i o  m o d e l l i n g  o f  t h e  
m a l e i m i d e - p r o p e n e  t r a n s i t i o n  s t a t e  f a v o u r s  a n  e n d o  t r a n s i t i o n  s t a t e  4 4  T h i s  p r e f e r e n c e  
c a n  b e  e x p l a i n e d  b y  i n v o k i n g  s e c o n d a r y  i n t e r a c t i o n  b e t w e e n  “ n o n - b o n d - f o r m i n g ”  l o b e s  
o f  t h e  ( 2 a ,  2 n )  e n e  a n d  t h e  a d d i t i o n a l  l o b e s  o f  a n  e x t e n d e d  ( a x ; )  L U M O  o f  t h e  e n o p h i l e .  
A l s o  t h e  e n d o l t r a m  a d d u c t  t r a n s i t i o n  s t a t e  d o e s  a p p e a r  t o  p o s i t i o n  t h e  l a r g e  ( p h e n y l )  
g r o u p  o v e r  t h e  e n o p h i l e  c a r b o n y l  r e g i o n .
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1.8 Aim and objectives
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1.8.1 Aim
I n v e s t i g a t i o n  o f  t h e  k i n e t i c s  a n d  m e c h a n i s m  o f  t h e  e n e  r e a c t i o n  o f  v i n y l i d e n e  a l k e n e s  
w i t h  M a l e i c  a n h y d r i d e ,  w i t h  p a r t i c u l a r  e m p h a s i s  o n  t h o s e  r e l a t e d  t o  t h e  P I B S A  r e a c t i o n .
1.8.2 Objectives
*  S y n t h e s i s  o f  a  s m a l l  r a n g e  o f  v i n y l i d e n e  t e r m i n a t e d  a l k e n e s  r e l a t e d  t o  P I B .
®  P r o d u c t  a n a l y s i s  o f  t h e  r e a c t i o n  o f  t h e s e  a l k e n e s  w i t h  M a l e i c  a n h y d r i d e .
®  D e t e r m i n a t i o n  o f  t h e  k i n e t i c s  o f  t h e  r e a c t i o n  o f  t h e  a l k e n e s ,  i n c l u d i n g  P I B ,  w i t h  
m a l e i c  a n h y d r i d e .
®  C o m p u t a t i o n a l  m o d e l l i n g  o f  t h e  e n e  r e a c t i o n s .
®  I n t e r p r e t a t i o n  o f  t h e  r e s u l t s  w i t h  a  v i e w  t o  r a t i o n a l i s a t i o n  o f  r e a c t i v i t y  a n d  a n a l y s i s  
d f  T S  s t r u c t u r e .
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C H A P T E R  2: A L K E N E  SYN T H E S IS
2.1 Introduction
2.1.1 Alkenes
A c c o r d i n g  t o  t h e  p r o j e c t  p l a n  f o r  i n v e s t i g a t i o n  o f  t h e  k i n e t i c s  a n d  m e c h a n i s m  o f  t h e  e n e  
r e a c t i o n ,  a l k e n e s  la-Sa1 w e r e  c h o s e n  ( s e e  F i g u r e  1 ) .
. A r t  Ph Ph/ v x P1/ \ / \  p-Ph
la 2a 3a 4a 5a
Figure 1. Alkenes synthesised and used as ‘enes’ in this study: la-5a.
A l k e n e s  la-5a w e r e  c h o s e n  a s  v i n y l i d e n e  t e r m i n a t e d  m o d e l s  f o r  P I B  i n  t h e  P I B S A  
r e a c t i o n .  F u r t h e r m o r e ,  s i n c e  t h e  e f f e c t  o f  t h e - d i m e t h y l  V . .  f e  n o t  e a s y  t o  q u a n t i f y ,  
( i t  i s  l i k e l y  t o  a f f e c t  c o n f o r m a t i o n ) ,  t h e  v a r i a t i o n  f r o m  / C H 2 \  t < k H \  t o  / c \  w a s  
b u i l t  i n t o  t h e  s e r i e s .
A l k e n e  la w a s  c h o s e n  t o  a l l o w  a  c o m p a r i s o n  w i t h  n o r m a l  1 - e n e s ,  t h e  o n l y  c l a s s  h i t h e r t o  
s t u d i e d  k i n e t i c a l l y , 1 a n d  a l s o  a s  a  m o d e l  f o r  p o l y e t h y l e n e  a n d  p o l y p r o p y l e n e  ( e n e -  
t e r m i n a t e d ) .  T h e  p h e n y l  g r o u p  a t t a c h e d  t o  c a r b o n  1  w a s  a d o p t e d  t o  r e d u c e  v o l a t i l i t y  ( t o  
r a i s e  t h e  b o i l i n g  p o i n t )  a n d  t o  p r o v i d e  U V  a b s o r b a n c e  f o r  t h e  k i n e t i c  m o n i t o r i n g .
1 The compounds numbering is started again in each chapter except for the model alkenes above which 
are numbered always as la-5a and PIB which from now on is indicated as 6a
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T h e  e n e  r e a c t i o n  h a s  b e e n  i n v e s t i g a t e d  i n  t h e  p a s t  b y  D w y e r . 1 T h e  s t u d y  f o c u s e d  o n  1 -  
e n e s  r a n g i n g  f r o m  h e x - 1 - e n e  ( e . g .  6 )  t o  d o d e c - l - e n e  a n d  o n  c i s -  a n d  t r a n s - d e c - 5 - e n e  
( S c h e m e  1 ) .
D w y e r  r e a c t i o n  w a s  r u n  i n  a  s e a l e d  t u b e  u s i n g  e q u i m o l a l  a l k e n e  a n d  m a l e i c  a n h y d r i d e  
a n d  w a s  f o u n d  t o  f o l l o w  s e c o n d - o r d e r  k i n e t i c s  u p  t o  7 5 %  c o n v e r s i o n ,  w i t h  n o  
s i g n i f i c a n t  s o l v e n t  e f f e c t s  o r  f r e e  r a d i c a l  i n h i b i t o r  e f f e c t s  o n  t h e  r a t e .  T h e  k i n e t i c s ,  b a s e d  
o n  a  1 0 0 %  m a s s  b a l a n c e ,  w e r e  d e t e r m i n e d  o v e r  a  r a n g e  1 2 5 - 2 2 4  ° C  a n d  t h e  A r r h e n i u s  
p a r a m e t e r s  w e r e  c a l c u l a t e d .  T h e  t o m s - c o n f i g u r a t i o n  o f  t h e  p r o d u c t s ,  a l k e n y l s u c c i n i c  
a n h y d r i d e s ,  i n c l u d i n g  t h e  t r a n s - d e c - 5 - e n e  p r o d u c t ,  a n d  t h e  l a c k  o f  v a r i a t i o n  o f  t h e  
r e a c t i o n  r a t e  w i t h  i n c r e a s i n g  a l k y l  c h a i n  l e n g t h  o f  t h e  a l k - l - e n e  p o i n t e d  t o  a n  e x o ­
t r a n s i t i o n  s t a t e .  O n  t h e  o t h e r  h a n d ,  c i s -  d e c - 5 - e n e  f a v o u r e d  t h e  e n d o , s h o w i n g  g r e a t e r  
n e g a t i v e  e n t r o p y  o f  a c t i v a t i o n  d u e  t o  s t e r i c  h i n d r a n c e .  F i n a l l y ,  it w a s  f o u n d  t h a t  t h e  
r e l a t i v e  r a t e s  f o r  c i s - ,  t r a n s -  a n d  a l k - l - e n e s  i n  t h e  t e m p e r a t u r e s  r a n g e  u s e d  w a s  t r a n s  >  
a l k - l - e n e s >  c i s .
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A n o t h e r  s t u d y  o f  t h e  e n e  r e a c t i o n  w a s  c a r r i e d  o u t  a t  h i g h e r  t e m p e r a t u r e s  ( 2 0 0 - 2 5 0  ° C )  
e m p l o y i n g  m a l e i c  a n h y d r i d e  ( M A ,  ( 8 ) )  a s  e n o p h i l e , 2  t h i s  t i m e  i n  c o n c e n t r a t i o n s  2 - 1 2  
m o l e s  e q u i v a l e n c e  w i t h  r e s p e c t  t o  t h e  v i n y l i d e n e  g r o u p .  P o l y p r o p y l e n e  ( 7 )  w a s  u s e d  a s  
e n e  ( S c h e m e  2 )  a n d  d i f f e r e n t  L e w i s  a c i d  c a t a l y s t s  ( e . g .  r u t h e n i u m  c h l o r i d e  a n d  s t a n n o u s  
c h l o r i d e )  w e r e  e m p l o y e d .
S c h e m e  2
T h e  s t u d y  f o c u s e d  o n  s e v e r a l  r e a c t i o n  p a r a m e t e r s  s u c h  a s  t e m p e r a t u r e ,  m a l e i c  a n h y d r i d e  
c o n c e n t r a t i o n  a n d  c a t a l y s t  c o n c e n t r a t i o n ,  a t t e m p t i n g  t o  i m p r o v e  t h e  i n c o r p o r a t i o n  o f  t h e  
s u c c i n y l  a n h y d r i d e  a t  t h e  t e r m i n a l  s i t e  i n  p o l y p r o p y l e n e  ( t h e  e x t e n t  o f  t e r m i n a l  
f u n c t i o n a l i z a t i o n ) .  O n  t h e  o t h e r  h a n d  t h e  a p p l i c a t i o n  o f  a  s e c o n d - o r d e r  k i n e t i c  m o d e l  
r e s u l t e d  i n  p o o r  d a t a  o v e r  t h e  t e m p e r a t u r e s  r a n g e  c h o s e n  d u e  t o  s i d e  r e a c t i o n s ,  
p a r t i c u l a r l y  v i n y l i d e n e  i s o m e r i z a t i o n ,  a n d  h o m o p o l y m e r i z a t i o n  o f  m a l e i c  a n h y d r i d e  a n d  
u n c a t a l y s e d  a n d  h e t e r o g e n e o u s  r e a c t i o n s ,  p o s s i b l y  d u e  t o  t h e  s l o w  f o r m a t i o n  o f  t h e  
a n h y d r i d e - L e w i s  a c i d  a d d u c t .  S i m i l a r l y ,  a  s i m p l e  l d n e t i c  m o d e l  w a s  n o t  a p p l i c a b l e  d u e  
t o  t h e  c o m p l i c a t e d  m e c h a n i s t i c  p a t h w a y  o f  t h i s  e n e  r e a c t i o n .  D e s p i t e  t h o s e  p r o b l e m s  
r e l a t e d  t o  t h e  k i n e t i c s  m o d e l ,  i t  w a s  f o u n d  t h a t  t h e  p r e s e n c e  o f  L e w i s  a c i d s  h a d  a  
c a t a l y t i c  e f f e c t  o n  t h e  h i g h - t e m p e r a t u r e  e n e  r e a c t i o n .  F u r t h e r m o r e  i t  w a s  o b s e r v e d  t h a t  
i n c r e a s e d  t e m p e r a t u r e  a n d  m a l e i c  a n h y d r i d e  c o n c e n t r a t i o n  i m p r o v e d  t h e  i n c o r p o r a t i o n  
o f  t h e  s u c c i n y l  a n h y d r i d e  m o i e t y  a t  t e r m i n a l  p r o p y l e n e .  L i k e w i s e ,  l o w e r  L e w i s  a c i d  
c o n c e n t r a t i o n s  i m p r o v e  t h e  p r o d u c t  f u n c t i o n a l i t y .  F i n a l l y  r u t h e n i u m  c h l o r i d e  p r o d u c e d  
s l i g h t l y  i m p r o v e d  l e v e l s  o f  a n h y d r i d e  i n c o r p o r a t i o n  i n  p r o p y l e n e  c o m p a r e d  t o  s t a n n o u s  
c h l o r i d e .
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2.1.2 Alkene synthesis
A c c o r d i n g  t o  t h e  p l a n ,  a l k e n e s  la-5a w e r e  u s e d  f o r  t h e  k i n e t i c  a n a l y s i s .  W h i l e  4- 
p h e n y l b u t - l - e n e  l a ,  i s  c o m m e r c i a l l y  a v a i l a b l e ,  a l l  t h e  o t h e r s  n e e d e d  t o  b e  s y n t h e s i s e d .  
T h e r e  a r e  s e v e r a l  g e n e r a l  r o u t e s  t o  a l k e n e s .
2 . 1 . 2 . 1  E l i m i n a t i o n
E l i m i n a t i o n  r e s u l t s  i n  t h e  i n t r o d u c t i o n  o f  a  d o u b l e  b o n d  i n t o  a  m o l e c u l e ,  a n d  t h e r e  a r e  
t h r e e  i m p o r t a n t  t y p e s . 3  T y p i c a l  e x a m p l e s  a r e :
®  d e h y d r o h a l o g e n a t i o n  o f  a l k y l  h a l i d e s  ( S c h e m e  3 )
•  d e h y d r a t i o n  o f  a l c o h o l  ( S c h e m e  4)
•  d e b r o m i n a t i o n  o f  v i c - d i b r o m i d e s  ( S c h e m e  5 ) .
I I b a s e  /
■c— c —  7 ► c — r
I | h e a t  /  \
H  X  ( - H X )
S c h e m e  3
I I a c i d  \  /
c — c —    ► c — r  + h 2o
I | h e a t  /
H  O H
S c h e m e  4
j ,  J ,  Z n  \  /
C — C —  -------------------- ►  C = G  +  Z n B r o
I | C H 3 C 0 2 H  /  \
B r  B r
Scheme 5
C H A P T E R  2 -55-
H o w e v e r ,  h e r e  t h e  e l i m i n a t i o n  m e t h o d  d o e s  n o t  r e p r e s e n t  a n  i d e a l  c h o i c e  s i n c e  
p r e c u r s o r s ,  a r e  n o t  r e a d i l y  a c c e s s i b l e .
C o m p o u n d  9  i s  n o t  e a s y  t o  m a k e  a n d  o t h e r ,  m o r e  a c c e s s i b l e  p r e c u r s o r s ,  e . g .  9 a ,  w o u l d  
g i v e  t h e  m o r e  s u b s t i t u t e d  a l k e n e .
Ph/\/Ck Ph//S v /^
9 9a
C H A P T E R  2 - 5 6 -
2 . 1 . 2 . 2  W i t t i g  r e a c t i o n
T h e  W i t t i g  r e a c t i o n  i s  w i d e l y  u s e d  t o  s y n t h e s i s e  a  v a r i e t y  o f  a l k e n e s  f r o m  c a r b o n y l  
p r e c u r s o r s  b e c a u s e  o f  i t s  m i l d  c o n d i t i o n s , 4  w h i c h  d o  n o t  p r o m o t e  s t r u c t u r a l  
i s o m e r i s a t i o n  ( S c h e m e  6 ) .
Ph3P:ff-CH2—) x
( 1 0 )  R  ( 1 1 )
: B
■ * .  P h s ^ T c n — R 1 
( 1 2 )
base
.R  -------► PhsP— CH— R1
(13)
PbjPnzCH— R1 
0 = C H -R 2
A J
(14)
( + )
PhjP—CH— R'
O-CH— R2 
(15)
H b P - n + K - R 1
Hfl
O — C H — R 2 
( 1 6 )
H  H  
„ I I ,
R -C =C — R
+
PhgPO
S c h e m e  6
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U s u a l l y  q u a t e r n i s a t i o n  o f  t r i p h e n y l p h o s p h i n e  (10), a n  e x c e l l e n t  n u c l e o p h i l e ,  w i t h  a n  
a l k y l  h a l i d e  ( 1 1 )  g i v e s  a  q u a t e r n a r y  p h o s p h o n i u m  h a l i d e  ( 1 2 ) ,  w h i c h  u n d e r  t h e  i n f l u e n c e  
o f  a  s t r o n g  b a s e  e l i m i n a t e s  h y d r o g e n  h a l i d e  t o  g i v e  a n  a l k y l i d i n e p h o s p h o r a n e  (13), a l s o  
c a l l e d  a  p h o s p h o r u s  y l i d e .  T h e  l a t t e r  r e a c t s  w i t h  a n  a l d e h y d e  o r  k e t o n e  (14) t o  g i v e  f i r s t  
a n  i n t e r m e d i a t e  b e t a i n e  (15), w h i c h  r e a r r a n g e s  t o  t h e  o x a p h o s p h e t a n e  (16), w h i c h  t h e n  
u n d e r  t h e  r e a c t i o n  c o n d i t i o n s  e l i m i n a t e s  t r i p h e n y l p h o s p h i n e  o x i d e  t o  f o r m  a n  a l k e n e  
( S c h e m e  6 ) .  T h e  d r i v i n g  f o r c e  f o r  t h e  W i t t i g  r e a c t i o n  i s  t h e  f o r m a t i o n  o f  t h e  v e r y  s t r o n g  
P - 0  b o n d  ( A H ° =  5 4 3  k J  m o l ' 1 ).
T h e  W i t t i g  a p p r o a c h  i s  p a r t i c u l a r l y  u s e f u l  i n  t h i s  c a s e  b e c a u s e  it w i l l  y i e l d  a l k e n e s  2 a ,  
3a, 4a, 5a f r o m  a l k y l  m e t h y l  k e t o n e s  17, 18,19 a n d  20 r e s p e c t i v e l y  ( F i g u r e  2 ) .
O O
o
17 18 19
Figure 2. Ketones used for the synthesis of alkenes 2a, 3a, 4a and 5a
2.1.3 Ketone synthesis
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T h e  k e t o n e s  1 7 - 2 0  a r e  P - a r y l - s u b s t i t u t e d  k e t o n e s  a n d  t h e  s t a n d a r d  s y n t h e s i s  i n v o l v e s  1 , 4  
o r  c o n j u g a t e  a d d i t i o n  o f  n u c l e o p h i l e  t o  a n  o o , p - u n s a t u r a t e d  k e t o n e .
2 . 1 . 3 . 1  C o n j u g a t e  a d d i t i o n
a , P - U n s a t u r a t e d  c a r b o n y l  c o m p o u n d s  r e a c t  w i t h  n u c l e o p h i l e  r e a g e n t s  i n  t w o  d i f f e r e n t  
w a y s  ( S c h e m e  7 ) :
a )  b y  s i m p l e  o r  1 , 2  a d d i t i o n  w h e r e  t h e  n u c l e o p h i l e  a d d s  a c r o s s  t h e  d o u b l e  b o n d  o f  t h e  
c a r b o n y l  g r o u p
b )  b y  c o n j u g a t e  o r  1 , 4  a d d i t i o n  w h e r e  t h e  n u c l e o p h i l e  a d d s  t o  p  c a r b o n  o f  t h e  d o u b l e  
b o u n d
\  /  A " N u * < ) \  /  H f } \  /
c= c  y  c= c   ► c= c
/  s c —  /  V C — N u  /  C — N u
f f  1 , 2  a d d i t i o n  0 () O H
- » T  (*) ^  C = C
N u :  y  v o .
C —
f f
1 , 4  a d d i t i o n
N u — C — C ^  /  
I > C
0 ('}
tT+) i /
■ N u — C — C .  /
| £ s c  
( * ' \  
H — O
N u — C - - c — c
I II 
H
/
O
N u — C  C "
1 H «  i
O
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O r g a n o m e t a l l i c  c o m p o u n d s  a r e  o f t e n  u s e d  i n  t h e  1 , 4 - a d d i t i o n  t o  a c t i v a t e  d o u b l e  b o n d s . 5 
A m o n g  t h e  m o s t  u s e d  o r g a n o  c o p p e r  r e a g e n t s  a r e  t h e  l i t h i u m  d i o r g a n o  c u p r a t e s ,  d u e  t o  
t h e i r  h i g h  r e a c t i v i t y  a n d  t o  t h e i r  e x c e p t i o n a l  v a l u e  i n  a  h o s t  o f  s u b s t i t u t i o n s  o n  s o m e  
s u b s t r a t e s  b e a r i n g  g r o u p s  s u c h  a s  a l k y l ,  a l k e n y l  a n d  a r y l . 6
L i t h i u m  d i a l k y l c o p p e r  r e a g e n t s ,  R 2C u L i ,  c a n  b e  f o r m e d  b y  r e a c t i o n  b e t w e e n  c o p p e r  
h a l i d e  a n d  a l k y l / a r y l l i t h i u m  ( s e e  S c h e m e  8 ) . 5 T h e  a l k y l / a r y l -  l i t h i u m  i s  o f t e n  p r e p a r e d  
b y  r e d u c t i o n  o f  o r g a n i c  h a l i d e  w i t h  l i t h i u m  m e t a l  w i t h  a  s t o i c h i o m e t r y  1 : 2  w h e r e  e a c h  
l i t h i u m  a t o m  d o n a t e s  a n  e l e c t r o n  t o  t h e  a l k y l  h a l i d e  p r o d u c i n g  t h e  a l k y l l i t h i u m  a n d  L i - X  
( s e e  S c h e m e  8 ) .  T h i s  r e d u c t i o n  i s  u s u a l l y  c a r r i e d  o u t  i n  e t h e r  s o l v e n t s .
2  R — L i  +  C u t   R 2C u L i  +  L i l
R - X  + 2 L i Ether ». R Li +  L iX
S c h e m e  8
T h e y  a d d  t o  a , ( 3 - u n s a t u r a t e d  a l d e h y d e s 7  a n d  k e t o n e s  ( R ’=  H ,  R ,  A r )  ( S c h e m e  9 )  t o  g i v e  
c o n j u g a t e  a d d i t i o n  p r o d u c t s  i n  a  r e a c t i o n  c l o s e l y  r e l a t e d  t o  t h e  M i c h a e l  r e a c t i o n . 8
i i  „  „  T . *  i
— C = C — C — R '  +  R a C u L i  -------------— C — C = C — R '
it r
R  H
1 1
— C - C — C — R '
I I Ii
o
S c h e m e  9
H i g h  c h e m o -  r e g i o -  a n d  s t e r e o - s e l e c t i v i t i e s  a r e  i n v o l v e d  w h e n  t h e s e  o r g a n o - c o p p e r  
r e a c t a n t s  a r e  e m p l o y e d  t o  p r e p a r e  a l k e n e s .  I n  f a c t  t h e r e  i s  g e n e r a l l y  n o  c o m p e t i t i o n  f r o m
1 , 2  a d d i t i o n  ( t o  t h e  C = 0 ) .  H o w e v e r  w h e n  R  i s  a l l y l i c ,  1 , 4 - a d d i t i o n  i s  o b s e r v e d  w i t h  
s o m e  s u b s t r a t e s  a n d  1 , 2  a d d i t i o n  w i t h  o t h e r s . 9  T h e  p r o d u c t  i s  o f t e n  c o n t r o l l e d  b y  s t e r i c
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f a c t o r s .  I n  g e n e r a l ,  s u b s t i t u t i o n  a t  t h e  c a r b o n y l  g r o u p  i n c r e a s e s  1 , 4  a d d i t i o n  w h i l e  
s u b s t i t u t i o n  a t  t h e  d o u b l e  b o u n d  i n c r e a s e s  1 , 2  a d d i t i o n .
E v e n  w i t h  t h e  u s e  o f  l i t h i u m  d i o r g a n o  c u p r a t e s ,  i n c r e a s i n g  s u b s t i t u e n t s  a t  { 3 - p o s i t i o n  
r e d u c e s  t h e  e a s e  o f  1 , 4 - a d d i t i o n ,  s o  a n  a l t e r n a t i v e  s t r a t e g y  w a s  c o n s i d e r e d  f o r  s y n t h e s i s  
o f  1 9  a n d  2 0 .
2 . 1 . 3 . 2  F r i e d e l - C r a f t  r e a c t i o n
T h e  k e t o n e  1 9  i s  k n o w n  a n d  h a s  b e e n  p r e p a r e d  v i a  a  F r i e d e l - C r a f t s  r e a c t i o n  o f  m e s i t y l  
o x i d e  w i t h  b e n z e n e .  T h e  F r i e d e l - C r a f t  r e a c t i o n  i s  o n e  o f  t h e  m o s t  i m p o r t a n t  m e t h o d s  f o r  
i n t r o d u c i n g  c a r b o n  s u b s t i t u e n t s  o n t o  a n  a r o m a t i c  r i n g . 3  T h e r e f o r e ,  f o r  t h e  p r e p a r a t i o n  o f  
a l k y l b e n z e n e s  ( A r R )  a n d  a c y l b e n z e n e s  ( A r C O R ) ,  F r i e d e l - C r a f t  r e a c t i o n s  c a n  b e  d i v i d e d  
i n t o  t w o  m a i n  t y p e s ,  ( a )  a l k y l a t i o n  a n d  ( b )  a c y l a t i o n .
( a )  A l k y l a t i o n
B e n z e n e  r e a c t s  w i t h  a l k y l  h a l i d e s  i n  t h e  p r e s e n c e  o f  a n h y d r o u s  a l u m i n i u m  c h l o r i d e  o r  
a n o t h e r  L e w i s  a c i d  t o  f o r m  a l k y l - s u b s t i t u t e d  b e n z e n e  d e r i v a t i v e s  ( S c h e m e  1 0 ) .  T h e  
a l k y l  g r o u p  i s  p o s i t i v e l y  c h a r g e d  b y  t h e  c a t a l y t i c  e f f e c t  o f  t h e  a n h y d r o u s  a l u m i n i u m  
c h l o r i d e .
R - x : r t  a i c i 3  ;  -  -  b £+ { x a i c i 3 ] «  -  , -  R ( + ) +  [ x a i c i 3 ] < - >
+ A1C13
Scheme 10
C H A P T E R  2 -6 1  -
( b )  A c y l a t i o n .
A c i d  a n h y d r i d e s  a n d  c h l o r i d e s  a n d  o c , P - u n s a t u r a t e d  k e t o n e s  ( e . g .  2 1 )  r e a c t  w i t h  b e n z e n e  
i n  t h e  p r e s e n c e  o f  a n h y d r o u s  c h l o r i d e  t o  f o r m  k e t o n e s  ( e . g .  1 9 ,  S c h e m e  1 1 ) ;  t h i s  i s  d u e  
t o  t h e  e l e c t r o p h i l i c  a t t a c k  o f  t h e  a c y l i u m  i o n  ( 2 2 )  o n  t h e  b e n z e n e  m o l e c u l e .
O
2 1
O
< k
< — *  ( +)
a i c i 3
f  J
,<+)
H  A  A A a i c i ^
h
2 2
v
C h  (-) 
X l C h
o
19
Scheme 11
2.1.4 Strategy for synthesis of alkenes 2a-5a
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O
P h P h ^ P C H a l
B u L i
T H F
P h '
17 2 a
S c h e m e  1 2
A l k e n e  2 - m e t h y l - 4 - p h e n y l b u t - l - e n e  (2a) i s  t o  b e  p r e p a r e d  b y  a p p l i c a t i o n  o f  t h e  W i t t i g  
r e a c t i o n  t o  4 - p h e n y l b u t a n - 2 - o n e  (17) ( S c h e m e  1 2 ) . 1 0
O
P h '
M e o C u I i  
 ►  P h '
O
P h 3 P C H 3 I  
 ►  P h ' \
23 18 3a
S c h e m e  1 3
F o r  t h e  s y n t h e s i s  o f  2 - m e t h y l - 4 - p h e n y l p e n t - l - e n e  (3a), a  p r o c e d u r e  r e q u i r i n g  t w o  s t e p s  
w a s  c h o s e n .  F i r s t l y ,  c o n j u g a t e  a d d i t i o n  o f  l i t h i u m  d i  m e t h y l  c u p r a t e  t o  t h e  o c , P -  
u n s a t u r a t e d  c a r b o n y l  c o m p o u n d ,  4 - p h e n y l b u t - 3 - e n - 2 - o n e  (23) s h o u l d  f o r m  t h e  k e t o n e  
(18) ( S c h e m e  1 3 ) , 1 1  t h i s  i s  t o  b e  f o l l o w e d  b y  a  W i t t i g  r e a c t i o n  ( S c h e m e  1 3 )  t o  c o n v e r t  
it i n t o  t h e  a l k e n e  (3a).4
T w o  m e t h o d s  w e r e  c o n s i d e r e d  f o r  t h e  s y n t h e s i s  o f  k e t o n e  19:
1 .  t h e  n u c l e o p h i l i c  1 , 4 - a d d i t i o n  o f  P h 2 C u L i  t o  m e s i t y l  o x i d e  ( S c h e m e  1 4 ) 8
2 .  t h e  F r i e d e l - C r a f t s  m e t h o d  ( S c h e m e  1 5 )  f o r  t h e  a d d i t i o n  o f  b e n z e n e  t o  m e s i t y l  o x i d e  
(21) i n  p r e s e n c e  o f  a l u m i n i u m  c h l o r i d e  w i t h  p r o d u c t i o n  o f  4 - m e t h y l - 4 - p h e n y l b u t - 3 -  
e n - 2 - o n e  (19).12
B o t h  w e r e  t o  b e  f o l l o w e d  b y  W i t t i g  r e a c t i o n  t o  o b t a i n  t h e  a l k e n e . 4
C H A P T E R  2 -6 3  -
O  0
k X  phX A  s 1
2 1
BuLi
Ph
19 3a
+
S c h e m e  1 4
0
2 1
S c h e m e  1 5
P h 3 P C H 3 I  
B u L i
V
P h
4a
A l t h o u g h  r o u t e  2  i s  a  k n o w n  r o u t e  t o  k e t o n e  1 9 ,  r o u t e  1  w a s  c h o s e n  f i r s t  t o  a v o i d  u s e  o f  
t o x i c  b e n z e n e .
F o r  2 , 4 - d i m e t h y l - 4 - ( 4 - f l u o r o p h e n y l ) p e n t - l - e n e  (5a), it w a s  t o  b e  s y n t h e s i s e d  b y  t h e  
F r i e d e l - C r a f t  m e t h o d  a n d  t h e n  b e  s u b m i t t e d  t o  t h e  W i t t i g  r e a c t i o n  ( S c h e m e  1 6 ) .
A
U | +
2 1 2 0
Ph^FCHjI
BuLi
\i
F-Ph
Scheme 16
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2.2.ResuIts and discussion
2.2.1 4-phenylbut-l-ene
4 - p h e n y l b u t - l - e n e  (la) i s  a  c o m m o n  a l k e n e 1 3  a n d  i s  c o m m e r c i a l l y  a v a i l a b l e  f r o m  
d i f f e r e n t  s u p p l i e r s  w i t h  a  p u r i t y  >  9 8 % .  T h e  m a t e r i a l  u s e d  h e r e  w a s  f r o m  A l d r i c h  
( > 9 9 % ) .
la
2.2.2. 2-methy!-4-phenylbut-l-ene 14 
O
P h '
17
BuLi \  T Y L  T V 'k
+  P f y P C H 3 I  ►  V V  \  +  p h 3 P 0
S c h e m e  1 7
T h e  W i t t i g  r e a g e n t  w a s  p r e p a r e d  a c c o r d i n g  t o  a  s t a n d a r d  m e t h o d  i n  9 5  %  y i e l d . 4  
T h e  W i t t i g  r e a c t i o n  ( S c h e m e  1 7 )  w a s  t h e n  a p p l i e d  t o  4 - p h e n y l b u t a n - 2 - o n e  ( 1 7 )  t o  g i v e  
4 - p h e n y l - 2 - m e t h y l b u t - l - e n e  (2a) i n  6 0  %  c r u d e  y i e l d .  T h e  c r u d e  p r o d u c t  w a s  c o n f i r m e d  
a s  2a b y  ^ - N M R  a n d  w a s  s u b m i t t e d  t o  c o l u m n  c h r o m a t o g r a p h y ,  w h i c h  y i e l d e d  t h e  
a l k e n e  (2a) i n  1 0 %  y i e l d ,  w i t h  a  p u r i t y  > 9 5 %  b y  G C  ( F i g u r e  3 )  a n d  ! H - N M R  ( F i g u r e  
4 ) .  T h e  p r o d u c t  s h o w e d  n o  C - 0  i n  t h e  I R  a n d  t h e  [H - N M R  ( F i g u r e  4 )  s p e c t r u m  s h o w e d  
t h e  e x p e c t e d  p e a k s  ( s e e  T a b l e  l 1 0 e ) ).
C H A P T E R  2 -65-
Figure 3. GC of alkene 2a. The peak at 7.99 minutes is 2a, while the first one is solvent (acetonitrile).
Peaks at ca 3 and 4 minutes are impurities in less than 1% based on Peak Area ratios
2 a
Figure 4. 1H-NMR of alkene 2a.
T a b l e  1 .  ^ - N M R  a s s i g n m e n t s  f o r  2 a
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5  /  p p m H
7 . 2 7 5 H ,  m ,  C 6 H 5
4 . 7 9 1 H , s , = C H 2
4 . 7 0 1  H , m ,  = C H 2
2 . 8 0 2  H ,  t, J  =  8 H z ,  C H 2 - P h
2 . 3 6 2 H , t , J = 8 H z ,  C H 2 - C =
1 . 8 2 3  H ,  s ,  C H 3
C H A P T E R  2 - 6 7 -
T h e  n e x t  a l k e n e  w a s  p r e p a r e d  b y  c o n j u g a t e  a d d i t i o n  o f  l i t h i u m  d i m e t h y l c u p r a t e  t o  t h e  
a , p - u n s a t u r a t e d  c a r b o n y l  c o m p o u n d  ( 2 3 )  ( S c h e m e  1 8  s t e p - 1 ) ,  f o l l o w e d  b y  t h e  W i t t i g  
r e a c t i o n  ( S c h e m e  1 8  s t e p  - 2 ) :
O  * 0 II
X  M e 2 C u L i  I  11 P h 3 P C H 3 I  A .  A
B u L i
2 3  1 8  J a
S c h e m e  1 8
S t e p  1  y i e l d e d  o f  t h e  k e t o n e  1 8  i n  8 3  %  c r u d e  y i e l d . 1 5  T h e  p r o d u c t  w a s  i d e n t i f i e d  b y  i t s  
I R  C = 0  p e a k  a t  1 7 4 0  c m " 1 . T h e  l 3 C - N M R  ( F i g u r e  5 ,  t h e  a s s i g n m e n t s  a r e  i n  T a b l e  2 )  
a n d  ' H - N M R  ( F i g u r e  6 )  s h o w e d  t h e  t y p i c a l  p e a k s  d u e  t o  t h e  e x p e c t e d  p r o d u c t  ( s e e  
T a b l e  3 ) .  I t s  p u r i t y  ( >  9 5 % )  w a s  a s s e s s e d  b y  G C  ( F i g u r e  7 )
2.2.3 2 -m e th y l-4 -p h e n y Ip e n t- l-e n e  (3a)
Figure 5. 13C-NMR of ketone 18
T a b l e  2 .  1 3 C - N M R  a s s i g n m e n t s  f o r  1 8
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5 / p p m C
2 0 8 . 0 c 2  ( C = 0 )
1 4 6 . 4 Q u a t e r n a r y  C  ( C e H s )
1 2 8 . 7 ,  1 2 7 . 0 , 1 2 6 . 5 3  C H  ( C 6 H 5 )
5 2 . 2 C 3 , ( C H 2  i n  D E P T )
3 5 . 7 ,  3 0 . 8 ,  2 2 . 2 C i ,  C 4 , C s
Figure 6. ^-NMR of ketone 18
Table 3. 'H-NMR assignments for 18
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5/ ppm H
7.25 5 H, m, C6H5
3.33 1 H, m, CH-Ph
2.73 1 H, m, CH2-CO
2.69 1 H, dd, CH2CO
2.10 3 H, s, CH3CO
1.35 3 H, d, J=6.9 Hz, CH3-C-Ph
Figure 7. GC of ketone 18
The ketone 18 was then submitted to the Wittig reaction with PI13PCH2I and BuLi to 
give 2-methyl-4-phenylpent-l-ene (3a) in 70% crude yield. The crude product was then 
submitted to column chromatography, which gave 3a in 14 % yield (based on 18). Its 
purity (>95%) was confirmed by GC (Figure 8). The product showed no C=0 in the IR 
and it was identified by the 'H-NMR (Figure 9) (assignments are in Table 4) and by 
13C-NMR (Figure 10, assignments are in Table 5).
C H A P T E R  2 -70-
Figure 8. GC of alkene 3a
M e ^  H
P h
H  H  
3 a
Figure 9. ‘H-NMR o f alkene 3a
T a b l e  4 .  ^ - N M R  a s s i g n m e n t s  f o r  3 a
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5 /  p p m H
7 . 2 7 5  H ,  m ,  C 6 H 5
4 . 7 7 2  H ,  b  s ,  C H 2 =
4 . 7 0 2  H ,  b  s ,  C H 2 =
2 . 9 6 1  H ,  m ,  C H - P h
2 . 4 0 1  H ,  d d ,  J =  1 4  a n d  6  H z ,  C H 2 - C =
2 . 2 7 1  H ,  d d ,  J =  1 4  a n d  8  H z ,  C H 2 - C =
1 . 7 4 3  H ,  s ,  C H 3 - C =
1 . 2 8 3  H ,  d ,  C H - C H 3 ,
T h e  h y d r o g e n s  o f  t h e  m e t h y l e n e  g r o u p  a r e  d i a s t e r e o t o p i c  a n d  s o  g i v e  2  s i g n a l s
Figure 10. 13C-NMR of alkene 3a
T a b l e  5 .  1 3 C - N M R  a s s i g n m e n t s  f o r  3 a
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8 /  p p m C
1 5 0 . 3 ,  1 4 6 . 7 C 2  , C l -  o f  C 6 H 5
1 3 1 . 2 6 ,  1 3 1 . 0 8 ,  1 3 0 . 0 1 C H  o f  C 6 H 5
1 1 4 . 8 C i ( = C H 2 )
4 9 . 5 c 3 ( C H 2 )
4 0 . 4 1 , 2 4 . 8 9 ,  2 4 . 2 6 c 5, c 4, , = c - c h 3
2.2.4 4-methyl-4-phenyIpentan-2-one (19)
T h e  f i r s t  r e a c t i o n  t o  s y n t h e s i s e  k e t o n e  1 9  w a s  t h e  c o n j u g a t e  a d d i t i o n  o f  l i t h i u m  
d i p h e n y l c u p r a t e  t o  t h e  a , | 3 - u n s a t u r a t e d  k e t o n e  2 1  ( m e s i t y l o x i d e )  ( S c h e m e  1 9 ) :
+ P h 2 C u L i  P h ' ^ ^
2 1 19
S c h e m e  1 9
T h e  c r u d e  p r o d u c t ,  a n  o i l ,  w a s  o b t a i n e d  i n  6 0  %  y i e l d .  H o w e v e r ,  i t s  I R  s p e c t r u m  ( s e e  
F i g u r e  1 1 )  s h o w e d  l i t t l e  o f  C = 0  p e a k  ~  1 7 0 0  c m ' 1 , b u t  a  l a r g e  O H  p e a k  a t  3 4 3 7  c m ' 1 
s u g g e s t i n g  t h e  a l c o h o l  ( 2 5 )  r e s u l t i n g  f r o m  1 , 2  a d d i t i o n  i n s t e a d  o f  1 , 4 - a d d t i o n .  ( S c h e m e  
2 0 ) .
C H A P T E R  2 - 7 3 -
Figure 11. IR of the crude product
C H A P T E R  2 - 74 -
S c h e m e  2 0
T h e  c o n j u g a t e  a d d i t i o n  o f  P h 2 C u L i  r e a g e n t  o n  d i - s u b s t i t u t e d  2 1  g a v e  t h e  3 °  a l c o h o l  2 5  
a s  a  r e s u l t  o f  a  1 , 2 - a d d i t i o n  i n s t e a d  o f  1 , 4 .  T h e  r e a s o n  b e h i n d  t h i s  m a y  b e  a t t r i b u t e d  t o  a  
f a i l u r e  i n  t h e  c u p r a t e  f o r m a t i o n  t h a t  s h o u l d  h a v e  o c c u r r e d  w h e n  t h e  s t a r t i n g  m a t e r i a l s  
c o p p e r  i o d i d e  a n d  p h e n y l  l i t h i u m  ( 1 : 2  e q u i v a l e n t s )  w e r e  m i x e d  t o g e t h e r .  I n  o r d e r  t o  
a c h i e v e  t h e  a t t a c k  a t  C 4 , a  s t r o n g  n u c l e o p h i l e  ( e . g .  P h 2 C u L i )  i s  r e q u i r e d .  I n  t h i s  c a s e  t h e  
p h e n y l  l i t h i u m ,  s t i l l  p r e s e n t  i n  s o l u t i o n ,  a t t a c k e d  t h e  c a r b o n y l  g r o u p  i n s t e a d .
2.2.5 4-methyl-4-phenyIpentan-2-one (19)
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« s u . A #
S c h e m e  2 1
A f t e r  t h e  f a i l u r e  o f  t h e  P h 2C u L i  c o n j u g a t e  a d d i t i o n  t o  2 1  a  F r i e d e l - C r a f t  r o u t e  w a s  
s u c c e s s f u l l y  c a r r i e d  o u t  t o  y i e l d  t h e  k e t o n e  1 9  ( S c h e m e  2 1 )  i n  5 0  %  c r u d e  y i e l d .  
V a c u u m  d i s t i l l a t i o n  ( a t  8 0 - 1 0 0  ° C /  3 1 - 7 1  m m  H g )  o f  t h e  c r u d e  m a t e r i a l  y i e l d e d  1 9  i n  
3 0 %  y i e l d  ( >  9 5 %  p u r i t y )  b y  !H - 1 S I M R  ( F i g u r e  1 2 ) .  T h e  p r o d u c t  w a s  i d e n t i f i e d  b y  i t s  I R  
C = 0  p e a k  a t  1 7 4 0  c m  - 1  a n d  t h e  ^ - N M R  a s s i g n m e n t s  a r e  g i v e n  i n  T a b l e  6 .
1 9
PPM
Figure 12. JH-NMR of ketone 19
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Table 6. ’H-NMR assignments for 19
5/ ppm H
7.2-7.5 5 H, m, C6H5
2.76 2 H, s, CH2
1.80 3 H, s, CH3-CO
1.46 6 H, s, (CH3)2C
2 .2 .6  2 , 4 - d i m e t h y l - 4 - p h e n y l p e n t - l - e n e  ( 4 a ) 16
CHAPTER 2 - 7 7 -
S c h e m e  2 2
R e a c t io n  o f  1 9  w i t h  P h 3P = C H 2 a n d  B u L i  g a v e  a lk e n e  4 a  in  7 5 %  c r u d e  y ie ld .  It w a s  
s u b m it te d  to  c o lu m n  c h ro m a to g r a p h y , w h ic h  y ie ld e d  4 a  in  21 %  y ie ld .  T h e  p ro d u c t  
s h o w e d  n o  C = 0  in  th e  I R  a n d  th e  !H - N M R  (F i g u r e  1 3 ) is  a s s ig n e d  in  T a b l e  7. Its  p u r ity  
w a s  c h e c k e d  b y  G C  ( > 9 5 % ,  s e e  F ig u r e  1 4 ).
4 a
Figure 13. ]H-NMR of alkene 4a
T a b l e  7. 'H - N M R  a s s ig n m e n t s  f o r  4 a  16e)
CHAPTER 2 - 78 -
5/ p p m H
7 .4 0 5 H ,  m , C 6H 5
4 .8 7 1 H ,  m , C H 2=
4 .7 0 1 H ,  m , C H 2=
2 .5 0 2  H ,  s, C H 2- C =
1 .4 6 6 H ,  s, C ( C H 3)2
1 .4 2 3 H ,  m , C H 3- C =
i _______________________' '   —1 ... &TTO-
Figure 14. GC of alkene 4a
2 .2 .7  2 ,4 - d i m e t h y l - 4 “(4 - f l u o r o p h e n y l ) p e n t “ l™ en e  ( 5 a )
CHAPTER 2 - 79 -
S A
+
O
a A
21
AlCh
F-PhX X Ph3PCH3I p, —■ ;— »* F-Ph BuLi
20 5a
S c h e m e  23
A g a i n  th e  F r i e d e l -C r a f t  m e th o d  w a s  u s e d  to  p r e p a r e  k e to n e  2 0  (S c h e m e  2 3 ).  ’ ' A f t e r  
th e  w o r k -u p  th e  r e s id u e  ( 5 0 %  c r u d e  y i e ld )  w a s  d is t i l le d  ( 7 0 - 1 1 0 °C , 3 0 -7 0  m m  H g )  a n d  
it y ie ld e d  20 in  2 1 %  y ie ld  b y  !H - N M R  (s e e  F ig u r e  1 5 ). T h e  p ro d u c t  w a s  id e n t if ie d  b y  
its  I R  C = 0  p e a k  at 1 7 1 9  c m  _1 a n d  th e  XH - N M R  a s s ig n m e n ts  a re  g i v e n  in  T a b l e  8.
F—
20
...JLJl
Figure 15. 'H-NMR of ketone 20
T a b l e  8. ^ - N M R  a s s ig n m e n ts  f o r  2 0
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6 / p p m H
4 H ,  Q H U :
7 .3 0 ( 2  H ,  d d , J = 6 .9  a n d  0 .9  H z ,  ELrtho )
6 .9 7 (2  H ,  t, J =  9 .3  H z ,  H ,Meto)
2 .7 2 2  H , s, C H 2- C O
1.91 3 H ,  s, C H 3- C O
1 .38 6 H ,  s, 2  C H 3C - P h
CHAPTER 2 -81-
T h e n  th e  W i t t i g  r e a c t io n  w a s  a p p l ie d  to  k e to n e  20 (S c h e m e  2 3 , s te p  - 2)  t o  p r e p a re  
a lk e n e  5. 4 T h e  c ru d e  20 ( 7 8 %  y i e ld )  w a s  s u b m it t e d  to  th e  W i t t i g  r e a c t io n  f o l l o w e d  b y  
v a c u u m  d is t i l la t io n  (9 0 - 1 0 4 ° C ,  3 1 -7 1  m m ),  w h ic h  y ie ld e d  3 6 %  y ie ld  o f  th e  a lk e n e  5 a  
b a s e d  o n  20, b y  !H - N M R  (F i g u r e  16 a n d  T a b l e  9  f o r  its a s s ig n m e n t s )  a n d  13C - N M R  
( F i g u r e l 7  a n d  T a b l e  10 f o r  its a s s ig n m e n t s ) ;  t r a c e  o f  k e to n e  20 a re  p re sen t . T h e  p ro d u c t  
w a s  a ls o  a n a ly s e d  b y  I R  a n d  its  p u r ity  c o n f i r m e d  b y  G C  a s  9 3 %  (F ig u r e  1 8 ).
Figure 16. H-NMR of alkene 5a
T a b l e  9. ^ - N M R  a s s ig n m e n ts  f o r  5 a
CHAPTER 2 - 82 -
8/ p p m H
4  H ,  C 6H 4
7 .3 3 (2  H ,  d d , J = 7 .5  a n d  2 .1 H z ,  H orth o )
7 .0 0 (2  H ,  t, J =  8.1 a n d  1 .8  H z ,  H meta)
4 .7 5 1 H ,  m , = C H 2
4 .5 0 1 H ,  m , = C H 2
2 .3 6 2 H ,  s, C H 2- C =
1 .3 8 6 H ,  s, 2  C H s - C - P h
1 .33 3 H ,  s, C H 3- C =
L..........— ________
150 100 50 PPM
Figure 17. 13C-NMR of alkene 5a
T a b l e  10. 13C - N M R  a s s ig n m e n t s  f o r  2 0 "
CHAPTER 2 - 83 -
8/ p p m C
1 1 4 .8 c ,  ( = C H 2)
5 2 .9 C 3, - C = C C H 2
3 7 .7 C 4 q u a te rn a ry ,  P h - C H 2
3.35
Figure 18. GC of alkene 5a. The peak at 8.71 is 5a, while that initially is solvent (acetonitrile). Peaks 
due to impurities at 5.95 (less than 4.5%) and at 8.32 (less than 2.4%) are based on peak 
area ratios.
1 Those peaks due to the aromatic carbons (6 atoms) and the quaternary alkenyl Carbon (C2) lie in the 
region 114 to 162 ppm. It is quite difficult to distinguish them due to the complexity o f the spectrum.
CHAPTER 2 -84-
T h e  a lk e n e s  l a - 5 a  c h o s e n  f o r  th e  k in e t ic  in v e s t ig a t io n  o f  th e  e n e  re a c t io n  w e r e  
s u c c e s s fu l ly  p r e p a re d . T h e y  w e r e  d e r iv e d  f r o m  th e ir  r e la t e d  k e to n e s  1 7 -2 0  b y  a p p ly in g  
to  th e m  W i t t i g  c h e m is try . E x c e p t  f o r  k e to n e  17 , w h ic h  is  c o m m e r c ia l ly  a v a i la b le ,  a l l th e  
o th e r  5  w e r e  o b ta in e d  w i t h  th e  u s e  o f  c o n ju g a t e  a d d it io n  a n d  F r i e d e l -C r a f t s  c h e m is try .
T h e  c o n ju g a t e  a d d it io n  w o r k e d  w e l l  w i t h  th e  s m a ll  M e 2C u L i  o n  th e  m o n o -s u b s t it u te d  
e n o n e  2 3 , b u t  fa i le d  w i t h  th e  la r g e  P h 2C u L i  r e a g e n t  o n  th e  d i -s u b s t itu t e d  2 1 . In  fa c t , th e  
r e a c t io n  b e t w e e n  th e  a , (3-u n s a tu ra t e d  2 1  a n d  P h 2C u L i  le d  t o  a  1 ,2 -a d d it io n  in s te a d  o f  
th e  e x p e c t e d  1 ,4  y ie ld in g  th e  3 °  a lc o h o l  2 5 . H o w e v e r ,  d e sp ite  th e  fa c t  th a t u s u a l ly  th e re  
is  lit t le  o r  n o  c o m p e t it io n  f r o m  1,2  a d d it io n  t o  th e  c a r b o n y l  g r o u p  ( C = Q ) ,  w it h  s o m e  
s u b s t ra te s  1 ,2  a d d it io n  h a s  b e e n  o b s e r v e d  e s p e c ia l ly  i f  R  is  a l ly l i c .18 A l t h o u g h  th e  
c o n ju g a t e  a d d it io n  o f  a n  a l ly l  g r o u p  f r o m  lith iu m  d ia l ly lc u p r a t e  to  2 - c y c lo h e x e n o n e  w a s  
s u c c e s s fu l ,  it w a s  o b s e r v e d  th a t th e  m o r e  h in d e re d  k e to n e  3 ,5 ,5 - t r im e t h y lc y c lo h e x e n o n e  
u n d e r g o e s  1 ,2  a d d it io n  w i t h  th e  s a m e  re a g e n t . B e s id e  th is , a n o th e r  p o s s ib le  e x p la n a t io n  
o f  th e  r e s u lt  a b o v e  is  th a t th e  c o n ju g a t e  a d d it io n  e m p lo y in g  P h 2C u L i  a s  r e a g e n t  w a s  
c a r r ie d  o u t  in  T H F ,  w h i l e  o th e rs  a r e  o ft e n  in  d ie th y l e th er. In  fa c t  o th e r  w o r k s  o n  th e  
re a c t io n  o f  l ith iu m  d io r g a n o  c u p r a te s , llb ) b u t  w i t h  to s y la te , o b s e r v e d  that c h a n g in g  th e  
s o lv e n t  f r o m  T H F  to  d ie th y l e th e r  p r o d u c e d  d ra m a t ic  c h a n g e s  in  th e  ra te s  o f  c o u p l in g  
re a c t io n s ; th e s e  p a r t ic u la r  r e a c t io n s  w e r e  fo u n d  t o  p r o c e e d  fa s te r  in  d ie th y l e th e r  th a n  in  
T H F .  In  a d d it io n , d i f f e r e n c e s  in  r e a c t iv it y  b e t w e e n  th e  v a r io u s  c u p ra te s  w e r e  a ls o  
o b s e r v e d ;  th e  le s s  s ta b le  c u p ra te s  r e a c t  fa s t e r  th a n  th e  m o re  s ta b le  o n e s . F u r th e rm o re ,  
th e  b e s t  y ie ld  o b ta in e d  w a s  6 0 % .
In  a l l  th e  s y n th e s e s  th e  W i t t i g  r e a c t io n  w a s  s u c c e s s fu l  in  g i v i n g  th e  v in y l id e n e -  
t e rm in a te d  a lk e n e . T h e r e  w a s  n o  e v id e n c e  ( H - N M R )  o f  o th e r  i s o m e r s
( e . g .  ) .  D e s p it e  th e  s u c c e s s  o f  a ll th e  a lk e n e  p re p a ra t io n s , th e  y ie ld s  f o r  a ll
o f  th e m  w e r e  v e r y  l o w  a l th o u g h  n o  a ttem p ts  w e r e  m a d e  to  o p t im is e  y ie ld s . I n  fa c t ,  
a c c o r d in g  to  p r e v io u s  w o r k s  th e  y ie ld  o f  th e  m e th y la t io n  p r o d u c t  o b ta in e d  b y  t re a tm e n t  
o f  4 -p h e n y l -2 -b u t a n o n e  w i t h  a  m ix t u r e  o f  C H 2I 2, T i C U  a n d  z in c  in  T H F  is  q u ite  l o w  c a  
5 -8 % . 19 H o w e v e r ,  it w a s  im p r o v e d  w i t h  th e  a d d it io n  o f  P b C l 2 u p  to  6 5 % .
2.2.8 Discussion and Summary
CHAPTER 2 - 8 5 -
A  lite ra tu re  s e a rc h  f o r  p r e v io u s  s y n th e s e s  o f  th e  c h o s e n  m o d e l  a lk e n e s , u s in g  C h e m ic a l  
A b s t r a c t s  a n d  I S I S  B a s e ,  s h o w e d  that 2 -m e t h y l -4 -p h e n y lb u t - l - e n e  ( 2 a )  a n d  2 ,4 -  
d im e t h y l -4 -p h e n y lp e n t - l - e n e  ( 4 a )  h a v e  b e e n  a l r e a d y  s y n th e s is e d  a n d  c h a ra c te r is e d . O n  
th e  o th e r  h a n d  f o r  th e  o th e r  t w o  a lk e n e s  2 -m e t h y l -4 -p h e n y lp e n t - l - e n e  ( 3 a )  a n d  2 ,4 -  
d im e t h y l -4 - f lu o r o p h e n y lp e n t - l - e n e  ( 5 a ) ,  n o  r e fe r e n c e s  w e r e  fo u n d .
2.3 Experimental Procedure
CHAPTER 2 - 8 6 -
2 .3 .1  M a t e r i a l s
D ie t h y l  e th er, d ic h lo ro m e th a n e , m e th a n o l, a c e to n it r i le , a lu m in iu m  c h lo r id e ,  m e s ity l  
o x id e ,  s o d iu m  h y d r o x id e ,  s o d iu m  c h lo r id e ,  c o p p e r  io d id e , b u ty l  lith iu m , p h e n y l lith iu m ,  
b e n z y la c e t o n e ,  b e n z y l id e n a c e t o n e  a n d  f lu o r o b e n z e n e  w e r e  f r o m  th e  A ld r i c h  C h e m ic a l  
C o .  a n d  w e r e  u s e d  a s  s u p p lie d . T o lu e n e ,  h e x a n e  a n d  a m m o n iu m  c h lo r id e  w e r e  s u p p lie d  
b y  F is h e r  C h e m ic a l  C o ;  m e th y l l ith iu m  w a s  s u p p lie d  b y  F lu k a  C o . ;  m a g n e s iu m  
s u lp h a te , s o d iu m  s u lp h a te  a m m o n iu m  c h lo r id e  a n d  s i l ic a  g e l  w e r e  f r o m  A n a la r .  
B e n z e n e  w a s  s u p p l ie d  f r o m  th e  r a d io c h e m is t r y  la b o r a t o r y  o f  th e  U n iv e r s i t y  o f  S u r r e y  
a n d  t e t r a h y d ro fu ra n  w a s  d r ie d  o v e r  s o d iu m  a n d  b e n z o p h e n o n e  in  a  g e n e r a l  la b o r a t o r y  
s till a c c o r d in g  to  th e  s ta n d a rd  p r o c e d u r e 20
4 -P h e n y lp e n t a n -1 -o n e ,  2 -m e t h y l -4 -p h e n y lp e n t -1 -e n e  4 -m e t h y l -4 -p h e n y lp e n t a n -2 -o n e ,  
2 ,4 -d im e t h y l -4 -p h e n y lp e n t - l - e n e ,  4 -m e t h y l -4 - f lu o r o p h e n y lp e n t a n -2 -o n e  a n d  2 ,4 -  
d im e t h y l -4 - f lu o r o p h e n y lp e n t - l - e n e ,  w e r e  p r e p a r e d  in  th e  la b o ra to ry ;  
M e t h y l t r ip h e n y lp h o s p h o n iu m  io d id e  w a s  p r e p a r e d  o n c e  a c c o r d in g  to  a  s ta n d a rd  
m e t h o d , 3 b u t  w a s  a ls o  o b ta in e d  f r o m  A ld r i c h  C h e m ic a l  C o .
2 .3 .2  E q u i p m e n t
!H - N M R  a n d  13C - N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  B r u k e r  A C  3 0 0  3 0 0  M H z  
s p e c t ro m e te r  o p e ra t in g  at M H z  7 5 .4 7  a n d  1 2 5 .7 7  f o r  13C - N M R ;  C D C I 3 w a s  u s e d  as  
s o lv e n t  a n d  th e  c h e m ic a l  s h ift s  a r e  g i v e n  in  8 w i t h  te t r a m e th y ls i la n e  ( T M S )  a s  a n  
in te rn a l s ta n d a rd  r e fe re n c e .
I R  s p e c t r a  w e r e  d e te rm in e d  o n  a  P e r k in  E lm e r ,  s y s te m  2 0 0 0  F T - I R ,  sp e c tro m e te r .  
V a c u u m  d is t i l la t io n  o f  th e  p r o d u c t s  w a s  p e r fo r m e d  b y  th e  u s e  o f  th e  s a m e  e q u ip m e n t  
u s e d  f o r  th e  s im p le  d is t i l la t io n  p lu s  a  c lo s e d -e n d  m a n o m e t e r  to  m e a s u r e  th e  p r e s s u r e  
( v a c u u m ) .  A  t ra p  w a s  p la c e d  b e t w e e n  th e  m a n o m e t e r  an d  th e  p u m p  a n d  a n  o i l -b a t h  o r  a  
h e a t in g  m a n t le  w a s  u s e d  a s  h e a t in g  s o u r c e  a n d  a n  in te rn a l m e r c u r y  t h e rm o m e te r  
in d ic a t e d  th e  b o i l in g  p o in ts .
P u r i f ic a t io n  o f  p r o d u c t s  w a s  a ls o  p e r fo r m e d  b y  s i l ic a  g e l  ( F lu k a  6 0 )  c o lu m n  
c h r o m a to g r a p h y .
CHAPTER 2 -87-
T h e  H P L C  m o n it o r in g -a n a ly s is  w e r e  ru n  b y  u s in g  a n  is o c ra t ic  p u m p  T - 4 1 4  U v i c o n  7 3 5  
L C  S p e c t r a  P h y s ic s ;  w h i l e  th e  G C  c h r o m a to g r a m s  w e r e  o b ta in e d  b y  a  P y e  U n ic a m  P U  
4 5 5 0  P h i l ip s  in s tru m e n t .
M ic r o a n a ly s i s  w a s  c a r r ie d  o u t  o n  a  L e e m a n  L a b s  In c . C E  4 4 0  e le m e n ta l a n a ly s e r  at th e  
U n iv e r s i t y  o f  S u rre y .
CHAPTER 2 - 8 8 -
M e th y l t r ip h e n y lp h o s p h o n iu m  io d id e  (3 .0 0  g ,  7 .5  m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  
( 2 0  m l ) ,  u n d e r  s t ir r in g  a n d  a  n i t r o g e n  a tm o s p h e r e  b u b b le r  at - 3 0 ° C .
T h e  B u L i  (1 .6  M ,  4 .6  m l, 7 .5  m m o le s )  w a s  th e n  a d d e d  d r o p w is e  at - 2 0 ° C  o v e r  3 0  m in s  
an d  th e  m ix t u r e  w a s  th e n  s t ir re d  u n d e r  n i t r o g e n  f o r  1 h o u r  at th e  s a m e  te m p e ra tu re . T h e  
4 -p h e n y lb u t a n -2 -o n e  (1 .0 0  g ,  6.8 m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  (2 0  m l )  a n d  th e  
s o lu t io n  w a s  a d d e d , v i a  c a n n u la , in to  th e  re a c t io n  f l a s k  at 0 °C .
T h e  r e a c t io n  w a s  a l l o w e d  t o  s ta n d  at r o o m  te m p e ra tu re  f o r  f o u r  d a y s .
T i c  a n a ly s is  (u s in g  a  m ix t u r e  o f  h e x a n e -d ie t h y le th e r  5:1 o r  h e x a n e - D C M  2 :1  a s  e lu e n t )  
s h o w e d  a  n e w  s p o t  le s s  p o la r  th e n  th e  s ta rt in g  k e to n e .
A n  I R  s p e c t ru m  o f  th e  r e a c t io n  m ix t u r e  s h o w e d  n e w  p e a k s , b e s id e s  th e  o n e s  o f  th e  
s ta rt in g  m a te r ia ls ,  s u c h  a s  1 6 3 4  c m -1 f r o m  C = C  d o u b le  b o n d  o f  th e  e x p e c t e d  a lk e n e . T h e  
m ix tu r e  w a s  th e n  c o o le d  in  a n  ic e  b a t h  a n d  th e  p re c ip ita te  w a s  r e m o v e d  b y  v a c u u m  
f i lt r a t io n  a n d  w a s h e d  w i t h  e th er. T h e  c o m b in e d  f i lt r a te  a n d  w a s h in g s  w e r e  c o n c e n tra te d  
b y  r o t a v a p o r  to  le a v e  a  r e s id u e  (3 .  l g ) ,  w h ic h  w a s  a n a ly s e d  b y  ^ - N M R .
S in c e  ^ - N M R  s h o w e d  th e  p r e s e n c e  o f  th e  s ta rt in g  m a te r ia ls  ( c a  4 0  % ) ,  c o lu m n  
c h r o m a t o g r a p h y  w a s  ru n  b y  u s in g  S i 0 2 g e l  (3 0  g )  a s  s ta t io n a ry  p h a s e  a n d  h e x a n e :  D C M  
2 :1  a s  th e  m o b i l e  p h a s e . T h e  a lk e n e  b e g a n  to  e lu te  a ft e r  c a  6 0  m l, b u t  th e  f r a c t io n  
b e t w e e n  1 0 0  a n d  1 2 0  m l e lu e n t  w a s  s e e n  to  b e  > 9 5 %  p u re  b y  ^ - N M R  a n d  th is  y ie ld e d  
2 a  a s  a  c o lo u r le s s  o i l  (3 0 0  m g , 2 .0 5  m m o le s ,  3 0  % ) :
^ - N M R :  ( C D C I 3, 3 0 0  M H z ) :  7 .2 7  (5  H ,  m , C 6H 5) ,  4 .7 9  (1  H ,  m , = C H 2) ,  4 .7 0  (1  H ,  m , 
= C H 2) ,  2 .8 0  ( 2  H ,  t, P h - C H 2) ,  2 .3 6  ( 2  H ,  t, C H 2- C = ) ,  1 .8 2  (3  H ,  m , C H 3).
I R  ( c m '1) :  2 9 7 0 , 2 9 3 0 , 2 8 5 9  (s a tu ra t e d  C - H  s tre tc h ), 2 0 0 0 -1 8 0 0  (A r o m a t i c  o v e r t o n e s ) ,  
1 6 3 4  ( C = C  s tre tc h ), 8 8 5  (o le f i n  C H  b e n d ) ,  7 4 3 , 6 9 5  (m o n o -s u b s t .  b e n z e n e  
C H  o u t  o f  th e  p la n e  b e n d )10e).
2.3.3 Preparation of 2-methyl-4 -phenylbut-l-ene (2a)
CHAPTER 2 - 8 9 -
C o p p e r  io d id e  (1 .6 0  g , 8 .4  m m o le s )  w a s  d is s o lv e d  in  d r y  d ie th y l e th e r  (3 0  m l )  u n d e r  
s t ir r in g  a n d  a  n it r o g e n  a tm o s p h e re  b u b b le r  at - 2 0 ° C .  T h e  M e L i  (1 0  m l, 16 .8  m m o le s )  
w a s  th e n  a d d e d  a n d  th e  m ix tu re  w a s  s t irred  f o r  a n  h o u r . T h e n , in  a n o th e r  R B  f la s k ,  
b e n z y l id e n a c e t o n e  (1 .0 0  g , 6 .9  m m o le s )  w a s  d i s s o lv e d  in  d r y  d ie th y l e th e r  (3 0  m l )  a n d  
th e n  it w a s  t r a n s fe r re d , v i a  c a n n u la , in to  th e  r e a c t io n  fla sk .
T h e  r e a c t io n  w a s  a l l o w e d  t o  s tan d  f o r  1 d a y  at r o o m  te m p e ra tu re . T i c  a n a ly s is  u s in g  a  
m ix t u r e  o f  h e x a n e -d ie th y le th e r  5 :1  a s  e lu e n t , s h o w e d  a  n e w  s p o t  le s s  p o la r  th e n  th e  
b e n z y lid e n a c e to n e .
A n  I R  s p e c t ru m  o f  th e  r e a c t io n  m ix tu re  s h o w e d  n e w  p e a k s , b e s id e s  th e  o n e s  o f  th e  
s ta rt in g  m a te r ia ls , s u c h  a s  at 1 7 4 0  c m '1 d u e  to  th e  c a r b o n y l g r o u p  o f  k e to n e  18. T h e  
m ix t u r e  w a s  th e n  c o o le d  in  a n  ic e  b a th  a n d  a  s a tu ra te d  s o lu t io n  o f  a m m o n iu m  c h lo r id e  
(4 0  m l, 2  M )  w a s  a d d e d  d r o p w is e  at 0 ° C  to  th e  c r u d e  m a te r ia l, w h i c h  w a s  le ft  u n d e r  
s t ir r in g  f o r  10 m in s . T h e n  d ie th y l e th e r  (8 0  m l )  w a s  a d d e d  a n d  th e  e th e r  p h a s e  w a s  
e x t ra c te d  a n d  w a s h e d  t w ic e  w i t h  a  s a tu ra te d  s o lu t io n  o f  s o d iu m  c h lo r id e  a n d  d r ie d  o v e r  
s o d iu m  s u lp h a te  f o r  a  c o u p le  o f  h o u rs . T h e  e th e r  fi lt ra te  w a s  c o n c e n tra te d  b y  r o t a v a p o r  
at 3 0 -4 0 ° C  f o r  a  c o u p le  o f  h o u r s  to  le a v e  a  r e s id u e  (0 .9 2  g ,  5 .73  m m o le s ,  8 3 % )  w h ic h  
w a s  a n a ly s e d  b y  'H - N M R ,  w h i c h  s h o w e d  p u r e  k e to n e  18 ( >  9 5 % ) ;
^ - N M R :  (C D C 1 3, 3 0 0  M H z ) :  7 .2 5  (5  H ,  m , C 6H 5) ,  3 .3 3  (1  H ,  m , C H - P h ) ,  2 .7 3  (1 H ,  d d , 
C H 2C O ) ,  2 .6 9  (1 H ,  d d , C H 2C O ) ,  2.10  (3  H ,  s, C H 3C O ) ,  1 .35  (3  H ,  d , C H 3).
I R  ( l i q  f i lm )/ c m ’ 1: 2 9 6 3 -2 9  ( C - H ) ,  1 9 4 0 -1 8 0 0  (A r o m a t ic  o v e r t o n e s ) ,  1 7 16  ( O O  
stre tc h ).
13C - N M R :  (C D C l s ,  6 7 .8 0  M H z ) :  2 0 8 .0  ( C 2 ( O O ) ) ,  1 4 6 .4  (Q u a t e r n a r y  C  ( C 6H 5) ) ,  
1 2 8 .7 , 1 2 7 .0 ,1 2 6 .5  (3  C H  ( C 6H 5) ) ,  5 2 .2  ( C 3 ( C H 2 in  D E P T ) ) ,  3 5 .7 , 3 0 .8 , 
22.2 ( a l i fa t ic  C i ,  C 4, C 5)
2.3.4 Preparation of 4-phenyIpentan-2-one (18)
CHAPTER 2 - 9 0 -
M e th y l t r ip h e n y lp h o s p h o n iu m io d id e  (2 .5 0  g )  w a s  d is s o lv e d  in  d r y  T H F  (3 0  m l ) ,  u n d e r  
s t ir r in g  a n d  a  n it r o g e n  a tm o s p h e r e  b u b b le r  at - 3 0 ° C  f o r  15 m in u te s .
B u L i  (2 .5  M ,  2 5  m l, 6 .3  m m o le s )  w a s  th e n  a d d e d  d r o p w is e  at - 2 0 ° C  o v e r  3 0  m in s . T h e  
m ix t u r e  w a s  th e n  s t ir re d  u n d e r  n it r o g e n  f o r  a n  h o u r  at th e  s a m e  te m p e ra tu re . K e t o n e  18  
( 0 .9 2  g , 5 .7  m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  (2 0  m l )  an d  th e  s o lu t io n  w a s  a d d e d  b y  a  
d r o p p in g  fu n n e l,  in to  th e  r e a c t io n  f l a s k  at  T =  0 ° C .
T h e  r e a c t io n  w a s  a l l o w e d  to  s tan d  at r o o m  te m p e ra tu re  f o r  t w o  d a y s .
T h e n  th e  m ix tu re  w a s  c o o le d  d o w n  in  a n  ic e  b a th  a n d  th e  p re c ip ita te  w a s  r e m o v e d  b y  
v a c u u m  fi lt r a t io n  a n d  w a s h e d  w i t h  e th er. T h e  fi lt ra te  a n d  th e  w a s h in g s  w e r e  
c o n c e n tra te d  b y  r o t a v a p o r  t o g e t h e r  to  le a v e  a  r e s id u e  (1 .7  g ) ,  w h ic h  w a s  a n a ly s e d  b y  I R  
a n d  1H - N M R .  T h e  I R  s p e c t ru m  s h o w e d  a  p e a k  in  th e  a l ip h a t ic  u n s a tu ra te d  r e g io n  at  
1 6 33  c m  _1, b e s id e  th e  k e to n e  p e a k  at 1 7 1 6  c m  ' 1. S in c e  a ls o  th e  ^ - N M R  s h o w e d  th e  
p re s e n c e  o f  th e  s ta rt in g  m a te r ia ls  in  c a  3 0 % ,  c o lu m n  c h r o m a to g r a p h y  w a s  ru n  b y  u s in g  
S i 0 2 g e l  (3 5  g )  a s  s ta t io n a ry  p h a s e  a n d  D C M  a s  m o b i l e  p h ase .
T h e  a lk e n e  b e g a n  to  e lu te  a f t e r  c a  2 0  m l, a n d  th e  f r a c t io n  w a s  s e e n  to  b e  > 9 9 %  p u r e  b y  
^ - N M R  a n d  th is  y ie ld e d  2 -m e t h y l -4 -p h e n y lp e n t - l - e n e  3 a  a s  a  c o lo u r le s s  o i l  (2 3 4  m g ,
1 .4 7  m m o le s ,  14 % ) :
^ - N M R :  (C D C 1 3, 3 0 0  M H z ) :  7 .2 7  (5  H ,  m , C 6H 5) ,  4 .7 7  (1  H ,  b  s, = C H 2),  4 .7 0  (1  H ,  b  
s, = C H 2) ,  2 .9 6  (1 H ,  m , C H ) ,  2 .4 0  (1 H ,  m , C H 2- C = C ) ,  2 .2 9  (1 H ,  m , C H 2-  
C = C ) ,  1 .7 4  (6 H ,  s, 2  C H 3- C = ) ,  1 .2 8  (3  H ,  d, C H - C H 3).
13C - N M R :  (6 7 .8 0  C D C 1 3) : 8 =  1 5 0 .3 , 1 4 6 .7  ( C 2, C r  o f  C 6H 5) ,  1 3 1 .2 6 , 1 3 1 .0 8 , 1 3 0 .01  
( C H  o f  C 6H 5) ,  1 1 4 .8  ( C i  ( = C H 2) ) ,  4 9 .5  ( C 3 ( C H 2) ) ,  4 0 .4 1 , 2 4 .8 9 , 2 4 .2 6  ( C 5, 
C 4, = C - C H 3)
IR :  ( l i q  f i lm y c m '1: 2 9 2 2 , 2 8 7 1  (s a tu ra t e d  C - H  stre tc h ), 1 9 8 0 -1 8 0 6  (A r o m a t ic  
o v e r t o n e s ) ,  1633  ( C = C  s tre tc h ), 1 4 3 7  ( C H  in  p la n e  b e n d )  9 0 7  ( o l e f i n  C H  b e n d ) ,  
6 8 9  (m o n o -s u b s ,  b e n z e n e  C H  o u t  o f  th e  p la n e  b e n d )
2.3.5 Preparation of 2-methyl- 4-phenylpent-l-ene (3a)
CHAPTER 2 -91 -
2 .3 .6  A t t e m p t e d  p r e p a r a t i o n  o f  4 - m e t h y l - 4 -p h e n y lp e n t a n - 2 - o n e  ( 1 9 )  b y  c o n ju g a t e  
a d d i t i o n
C o p p e r  io d id e  (1 .2  g , 6 .1  m m o le s )  w a s  d i s s o lv e d  in  T H F  (3 0  m l )  a n d  th e  m ix tu re  w a s ,  
u n d e r  s t ir r in g  a n d  a  n it r o g e n  a tm o s p h e re  b u b b l e r , c o o le d  at - 7 8 ° C  f o r  10 m in u te s .
T h e  P h L i  ( 6.8 m l, 1 2 .2  m m o le s )  w a s  th e n  a d d e d  a n d  th e  m ix tu re  w a s  s t ir re d  f o r  a n  h o u r .  
T h e n , in  a n o th e r  R B  f la s k ,  (0 .5  g ,  5 .1  m m o le s )  m e s ity l o x id e  ( 2 1 )  w a s  d is s o lv e d  in  d ry  
T H F  (1 0  m l )  a t  - 7 8 ° C  a n d  th e n  it w a s  t r a n s fe r re d , v i a  c a n n u la , in to  th e  re a c t io n  f la s k .
T h e  r e a c t io n  w a s  a l l o w e d  to  s ta n d  at r o o m  t e m p e ra tu re  f o r  s ix  d a y s .
T i c  a n a ly s is  (u s in g  a  m ix tu re  o f  h e x a n e -d ie t h y le th e r  5 :1 ),  s h o w e d  a  n e w  sp o t m o re  
p o la r  th e n  th e  m e s ity l o x id e .  A n  I R  s p e c t ru m  o f  th e  re a c t io n  m ix t u r e  s h o w e d  a  n e w  
p e a k  a t 3 4 3 7  c m "1 in d ic a t iv e  a n  a l c o h o l  g r o u p .
T h e  m ix tu re  w a s  th e n  c o o le d  in  a n  ic e  b a t h  a n d  a  s o lu t io n  o f  a m m o n iu m  c h lo r id e  (4 0  
m l, 2  M )  w a s  a d d e d  d r o p w is e  at 0 ° C  to  th e  c ru d e  m ix tu re , w h ic h  w a s  le ft  u n d e r  s t ir r in g  
f o r  10  m in s . T h e n  d ie th y l e th e r  (8 0  m l )  w a s  a d d e d  a n d  th e  e th e r  p h a s e  w a s  e x t ra c te d  
a n d  w a s h e d  w i t h  a  s a tu ra te d  a q u e o u s  s o lu t io n  o f  s o d iu m  c h lo r id e , t w ic e  a n d  d r ie d  o v e r  
s o d iu m  s u lp h a te  f o r  a  c o u p le  o f  h o u rs . T h e  e th e r  fi lt ra te  w a s  c o n c e n tra te d  b y  r o t a v a p o r  
at 3 0 -4 0 ° C  to  le a v e  a  r e s id u e  (0 .9 8  g ) ,  w h ic h  w a s  a n a ly s e d  b y  IR .
I R :  ( l i q  f i lm y c m " 1: 3 4 3 7  ( O - H  s tre tc h ), 2 9 6 0 -3 0  ( C - H  stre tch , C H 3) ,  2 0 0 0 -1 8 0 0  
(A r o m a t i c  o v e r t o n e s ) ,  1 6 8 0  ( C = C  s tre tc h )
CHAPTER 2 - 9 2 -
2 .3 .7  P r e p a r a t i o n  o f  4 -m e t h y l - 4 ~ p h e n y lp e n t a n -2 -o n e  ( 1 9 )  b y  F r i e d  e l  C r a f t s  
r e a c t i o n
A n h y d r o u s  A I C I 3 (9 .2  g , 69 .3  m m o le s )  w a s  c a r e fu l ly  a d d e d  to  d ry  b e n z e n e  (2 0  m l ) ,  
u n d e r  s t ir r in g  a n d  a  n it r o g e n  b a l lo o n  at 0 ° C .  M e s i t y l  o x id e  (4 .9  g ,  5 0 .7  m m o le s )  w a s  
th e n  a d d e d  d r o p w is e  o v e r  a n  h o u r , a n d  th e  re a c t io n  w a s  a l l o w e d  to  s tan d  at r o o m  
t e m p e ra tu re  f o r  a  fu r th e r  th re e  h o u rs .
T h e  c r u d e  m ix tu re  w a s  c a r e fu l ly  p o u r e d  in to  20 g  o f  ic e  in  a  1 0 0 -m l b e a k e r  a n d  th e  
w h o le  m ix tu re  w a s  s t ir red  f o r  10 m in s . T h e  o r g a n ic  la y e r  (b e n z e n e  +  p r o d u c t ),  w a s  
s e p a ra t e d  f r o m  th e  a q u e o u s  w i t h  a  s e p a ra t in g  fu n n e l ,111 a n d  w a s  w a s h e d  w i t h  w a t e r ,  (2 x  
5 m l ) ,  s e c o n d ly  w i t h  a q u e o u s  2 M  N a O H  ( 2 x 5  m l )  a n d  f in a l ly  w i t h  w a t e r  ( 2 x 5  m l ) .  
C a r e fu l ly ,  th e  o r g a n ic  la y e r  w a s  p o u r e d  in to  a  c o n ic a l  f l a s k  a n d  d r ie d  o v e r  m a g n e s iu m  
s u lp h a te  f o r  12  h o u rs .
T h e  d r y in g  a g e n t  w a s  r e m o v e d  b y  g r a v it y  f i lt r a t io n  a n d  w a s h e d  w i t h  eth er. T h e  
c o m b in e d  fi lt r a te  a n d  w a s h in g s  w e r e  c o n c e n tra te d  i n  v a c u o  t o  le a v e  a  c le a r  o il  (3 .0 6  g ,  
10%  c r u d e  y i e ld )  w h ic h  w a s  a n a ly s e d  b y  ^ - N M R .
S in c e  ^ - N M R  s h o w e d  th e  p r e s e n c e  o f  th e  s ta rt in g  m a te r ia ls  s t i ll  a t 5 0 % , a  v a c u u m  
d is t i l la t io n  at 3 1 -7 1  m m  H g  g a v e  f ir s t ly  th e  s ta rtin g  m a te r ia ls  ( P = :2 0  m m , T =  5 0  ° C )  
m ix e d  w i t h  th e  p r o d u c t  (1 0 :  1 ) a n d  a  s e c o n d  fr a c t io n  ( P = 2 5  m m , T =  9 0  ° C )  
h o m o g e n e o u s  b y  ^ - N M R  a s  k e t o n e  1 9  > 9 5 %  p u re , y ie ld e d  a s  a  c o lo u r le s s  o i l  ( 2  g ,
1 1 .4  m m o le s ,  3 0  % ) :
I R  ( l i q  f i lm )/ c m _I: 2 9 6 4 , (s a tu ra t e d  C - H  s tre tc h ), 2 0 0 0 -1 8 0 0  (A r o m a t i c  o v e r t o n e s ) ,  1 7 0 2  
( C = 0 ) ,  7 6 5 , 6 9 9  (m o n o -s u b s t .  B e n z e n e  C H  o u t  o f  th e  p la n e  b e n d )
^ - N M R :  ( C D C I 3, 3 0 0  M H z ) :  1 2 - 1 . 5  (5  H ,  m , C 6H 5) ,  2 .7 6  (2 H ,  d , C H 2- C O ) ,  1 .80  (3  
H ,  s, C H 3- C O ) ,  1 .4 6  (6 H ,  s, ( C H 3) 2C ) .
IU The lower layer (aqueous) was poured into a conical flask; as it was contaminated with benzene, it was 
treated with hydrochloric acid, which was added dropwise.
CHAPTER 2 -93 -
M e t h y l t r ip h e n y lp h o s p h o n iu m io d id e  (2 .5  g ,  63  m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  (4 0  
m l) ,  u n d e r  s t ir r in g  a n d  a  n it r o g e n  a tm o s p h e r e  b u b b le r  at - 3 0 ° C .
T h e n  B u L i  (5  M ,  2 .5  m l, 6 .3  m m o le s )  w a s  a d d e d  d r o p w is e  at T  - 2 0 ° C  o v e r  3 0  m in s  a n d  
th e  m ix t u r e  w a s  th e n  s t ir re d  u n d e r  n it r o g e n  f o r  1 h o u r  at th e  s a m e  te m p e ra tu re . T h e  4 -  
m e t h y l -4 -p h e n y lp e n t a n -2 -o n e  ( 1 9 )  (1  m l, 5 .7  m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  (2 0  
m l )  a n d  th e  s o lu t io n  w a s  a d d e d , b y  a  d r o p p in g  fu n n e l ,  to  th e  r e a c t io n  f l a s k  at 0 ° C .  T h e  
r e a c t io n  w a s  a l l o w e d  to  s ta n d  at r o o m  te m p e r a t u re  o v e rn ig h t .
T i c  a n a ly s is ,  u s in g  a  m ix tu r e  o f  h e x a n e -d ie t h y l  e th e r  5 :1  a s  e lu e n t , s h o w e d  a  n e w  sp o t  
le s s  p o la r  th e n  th e  s ta rtin g  k e to n e . T h e  m ix t u r e  w a s  th e n  c o o le d  in  a n  ic e  b a th  a n d  th e  
p re c ip it a t e  w a s  r e m o v e d  b y  v a c u u m  f i lt r a t io n  a n d  w a s h e d  w i t h  e th er. T h e  c o m b in e d  
f i lt r a te  a n d  w a s h in g s  w e r e  c o n c e n t r a te d  b y  r o t a v a p o r  to  le a v e  a  r e s id u e  ( 2.2  g ) ,  w h ic h  
w a s  a n a ly s e d  b y  ^ - N M R .
S in c e  ^ - N M R  s h o w e d  th e  p r e s e n c e  o f  th e  s ta rt in g  m a te r ia ls  still in  c a  2 5 % ,  c o lu m n  
c h r o m a to g r a p h y  w a s  ru n  u s in g  S i 0 2 g e l  (3 5  g )  a s  s ta t io n a ry  p h a s e  a n d  h e x a n e : D C M  
2 :1  a s  th e  m o b i l e  p h a s e . T h e  a lk e n e  b e g a n  to  e lu te  a fte r  c a  3 0  m l, b u t  th e  fr a c t io n  
b e t w e e n  4 0  a n d  5 0  m l e lu e n t  w e r e  s e e n  to  b e  > 9 5 %  p u r e  b y  !H - N M R  a n d  th is  y ie ld e d  
4 a  a s  a  c o lo u r le s s  o i l  (110  m g , 0 .6 3  m m o le s ,  1 0 % ):
* H - N M R :  (C D C 1 3, 3 0 0  M H z ) :  7 .2 5 -7 .6  (5  H ,  m , C 6H 5) ,  4 .8 7  (1  H ,  m , = C H 2) ,  4 .7 0  (1  H ,  
m , = C H 2) ,  2 .5 0  (2  H ,  s, C H 2) ,  1 .4 6  (6 H ,  s, C ( C H 3) 2) ,  1 .4 2  (3 H ,  m , C H 3C = )
I R :  ( l i q  f i lm )/ c m _1: 2 9 5 2 , 2 9 2 2 , 2 8 7 1  (s a tu r a t e d  C - H  stre tc h ), 1 9 8 0 -1 8 0 6  (A r o m a t ic  
o v e r t o n e s ) ,  1 6 3 8  ( C = C  s tre tc h ), 1 4 4 0  ( C H  in  p la n e  b e n d )  9 0 7  ( o l e f i n  C H  b e n d ) ,  
6 8 9  (m o n o -s u b s t .  b e n z e n e  C H  o u t  o f  th e  p la n e  b e n d ) .  16 e)
2.3.8 Preparation of 2,4-dimethyl-4-phenylpent-l-ene (4a)
CHAPTER 2 - 9 4 -
A n h y d r o u s  A I C I 3 ( 8.8 g , 66 m m o le s )  w a s  c a r e fu l ly  a d d e d  to  d ry  f lu o r o b e n z e n e  (20 m l) ,  
u n d e r  s t ir r in g  an d  a  n it r o g e n  b a l lo o n  at 0 ° C .  M e s i t y l  o x id e  (5 .5  g ,  4 8  m m o le s )  w a s  th en  
a d d e d  d r o p w is e  o v e r  3 0  m in s  a n d  th e  re a c t io n  w a s  a l lo w e d  t o  s ta n d  at r o o m  te m p e ra tu re  
o v e rn ig h t .
T h e  c ru d e  w a s  c a r e fu l ly  p o u r e d  in to  1 00  g  o f  ic e  in  a  5 0 0 -m l b e a k e r  a n d  th e  w h o le  
m ix tu r e  w a s  s tirred  f o r  3 0  m in s . T h e  o r g a n ic  la y e r  (s o lv e n t  +  p r o d u c t ),  w a s  s e p a ra te d  
f r o m  th e  a q u e o u s  w i t h  a  s e p a ra t in g  fu n n e l a n d  w a s  f ir s t ly  w a s h e d  w i t h  w a t e r  (2 x  10 
m l) ,  s e c o n d ly  w i t h  a q u e o u s  2 M  N a O H  (2  x  10 m l )  a n d  f in a l ly  w i t h  w a t e r  ( 2 x 1 0  m l) .  
C a r e fu l ly  th e  o r g a n ic  la y e r  w a s  p o u r e d  in to  a  c o n ic a l  f l a s k  a n d  d r ie d  o v e r  m a g n e s iu m  
s u lp h a te  f o r  3 d a y s . T h e  d r y in g  a g e n t  w a s  r e m o v e d  b y  g r a v it y  f i lt r a t io n  a n d  w a s h e d  
w it h  e th er. T h e  c o m b in e d  fi lt r a te  a n d  w a s h in g s  w e r e  c o n c e n tra te d  i n  v a c u o  to  le a v e  a  
c le a r  o il  (7 .4 9  g ,  4 0 %  c ru d e  y i e ld )  w h ic h  w a s  a n a ly s e d  b y  !H - N M R .
S in c e  ^ - N M R  s h o w e d  th e  p r e s e n c e  o f  th e  s ta rt in g  m a te r ia ls  still in  6 0 % ,  a  v a c u u m  
d is t i l la t io n  at 3 0 -7 0  m m  H g  w a s  c a r r ie d  o u t . T h e  k e to n e  20 b e g a n  to  d is til a t c a  7 0  ° C ,  
b u t  th e  f r a c t io n  b e t w e e n  a n d  9 0 -1 1 0  ° C  w a s  s e e n  to  b e  > 9 5 %  p u r e  b y  G C  a n d  th is  
y ie ld e d  20 as  a  c o lo u r le s s  o i l  (0 .9 7  g , 5 m m o le s ,  2 1 % ) :
I R ( l i q  f i lm y c m " 1: 2 9 6 6 , (s a tu ra t e d  C - H  s tre tc h ), 2 0 0 0 -1 8 0 0  (A r o m a t i c  o v e r t o n e s ),  1 7 19  
( C = 0 ) ,  7 5 9  (m o n o -s u b s t .  B e n z e n e  C H  o u t  o f  th e  p la n e  b e n d )
2.3.9 Preparation of 4-methyI-4-(4“fluorophenyl)pentan-2-one (20)
^ - N M R :  ( C D C I 3, 3 0 0  M H z ) :  7 .3 0  (2 d d , C g H U ), 6 .9 7  (2 H .weta, t, C e H Q ,  2 .7 2  (2 
H ,  s, C H 2- C O ) ,  1.81 (3  H ,  s, C H 3- C O ) ,  1 .3 8  (6 H ,  s, 2  C H 3- C P h ) .  17
CHAPTER 2 -95-
M e th y l t r ip h e n y lp h o s p h o n iu m io d id e  (2 .4  g ,  5 .9  m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  (3 0  
m l) ,  u n d e r  s t ir r in g  a n d  a  n i t r o g e n  a tm o s p h e re  b u b b le r  at - 4 0 ° C  f o r  3 0  m in u te s .
T h e  B u L i  (1 .6  M ,  3 .5  m l, 5 .5  m m o le s )  w a s  th e n  a d d e d  d r o p w is e  at - 2 0 ° C  o v e r  3 0  m in s . 
T h e  m ix tu r e  w a s  th e n  s t ir red  u n d e r  n it r o g e n  f o r  1 h o u r  at th e  s a m e  te m p e ra tu re . K e t o n e  
2 0  (1  g , 5 m m o le s )  w a s  d i s s o lv e d  in  d r y  T H F  (3 0  m l )  a n d  th e  s o lu t io n  w a s  a d d e d , v ia  
c a n n u la , to  th e  re a c t io n  f la s k  at 0 ° C .
T h e  r e a c t io n  w a s  a l l o w e d  to  s tan d  at r o o m  te m p e ra tu re  f o r  th re e  d a y s .
A  I R  s p e c t ru m  o f  th e  r e a c t io n  m ix tu re  s h o w e d  n e w  p e a k s ,  b e s id e s  th e  o n e s  o f  th e  
s ta rt in g  m a te r ia ls , s u c h  a s  1 6 0 4 -1 6 4 1  c m  _1 d u e  to  th e  d o u b le  b o n d  o f  th e  e x p e c te d  
a lk e n e . T h e  m ix tu re  w a s  th e n  c o o le d  in  a n  ic e  b a th  a n d  th e  s o lid  r e s id u e  w a s  r e m o v e d  
b y  v a c u u m  f i lt r a t io n  a n d  w a s h e d  w i t h  e th er. T h e  c o m b in e d  fi lt r a te  a n d  w a s h in g s  w e r e  
c o n c e n tra te d  b y  r o t a v a p o r  to  le a v e  a  r e s id u e  (0 .7 6  g ) ,  w h ic h  w a s  a n a ly s e d  b y  ^ - N M R .  
S in c e  ^ - N M R  s h o w e d  th e  p r e s e n c e  o f  th e  s ta rt in g  m a te r ia ls  s t ill in  c a  3 0  % ,  c o lu m n  
c h r o m a to g r a p h y  w a s  ru n  u s in g  S i 0 2 g e l  (6 0  g )  a s  s ta t io n a ry  p h a s e  a n d  h e x a n e : D C M  
2 :1  a s  th e  m o b i l e  p h a se . T h e  a lk e n e  b e g a n  to  e lu te  a fte r  c a  4 0  m l, b u t  th e  fr a c t io n  
b e t w e e n  5 0  a n d  9 0  m l e lu e n t  w a s  s e e n  to  b e  > 9 5 %  p u re  b y  ^ - N M F w  a n d  th is  y ie ld e d  5 a  
a s  a  c o lo u r le s s  o i l  (9 8 .2  m g , 0 .5  m m o le s ,  3 6  % ) :
^ - N M R :  (C D C 1 3, 3 0 0  M H z ) :  7 .3 3  (2 ,  H * * *  d d , C e E L )  7 .0 0  (2  H meta, t, C e H U ), 4 .7 5  (1  
H ,  m , = C H 2) ,  4 .5 2  (1  H ,  m , = C H 2) ,  2 .3 6  (2  H ,  s, C H 2- C = ) ,  1 .3 8  (6 H ,  s, C H 3-  
C - P h ) ,  1 .33  (3  H ,  s, C H 3- C = ) .
13C - N M R :  ( C D C I 3 1 2 5 .7 7  M H z ) : 5 =  1 1 4 .8  (  C i  ( = C H 2) ) ,  5 2 .9  ( C 3, - C = C - C H 2) ,  3 7 .7  ( C 4 
q u a te rn a ry , P h - C H 2) 1V
I R  ( l i q  f i lm y c m '1: 2 9 6 5 , 2 9 2 2 , 2 8 7 0  (s a tu ra t e d  C - H  s tre tc h ), 2 1 2 0 -1 8 2 0  (A r o m a t i c  
o v e r t o n e s ) ,  1 6 4 1 -1 6 0 4  ( C = C  s tre tc h ), 8 9 2 , 8 3 7  (o le f in  C H  b e n d ) ,  7 5 7 , 7 2 8 , 6 9 7  
(m o n o -s u b s t .  B e n z e n e  C H  o u t  o f  th e  p la n e  b e n d ) .
M ic r o a n a ly s i s  : F o u n d  C  7 8 .6 1 % , H  8 .3 5  % ;  C a lc .  F o r  C 13H 19F  C  8 0 .7 8 % , H  9 .3 9  % .
2.3.10 Preparation of 2,4-dimethyl- 4-(4-fluorophenyI)pent-l-ene (5a)
lv Peaks due to the aromatic carbons (4 atoms) and the quaternary alkenyl Carbon (C2) lie in the region 
between 114 to 162 ppm. It is quite difficult to distinguish them due to the complexity of the 
spectrum.
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C H A PT E R  3. K INETIC S  OF ENE R E A C T IO N
3.1 Introduction
3 .1 .1  K in e t i c s  o f  D i e l s - A l d e r  r e a c t io n
C y c lo a d d i t io n s  s u c h  a s  D i e l s - A l d e r  R e a c t io n  (e .g .  S c h e m e  1 ) a re  b im o le c u la r  re a c t io n s  
w it h  a  ra te  l a w  o f  th e  ty p e  g iv e n  in  e q n . (1 ) ,  w h e r e  A  a n d  B  a re  th e  re a g e n ts .
T h e  D i e l s - A l d e r  r e a c t io n  o f  a lk e n e  (d i e n o p h i l e )  to  c o n ju g a t e d  d ie n e  (d i e n e )  is  a  
p r o m in e n t  e x a m p le  o f  th a t c a t e g o r y  o f  r e a c t io n  o c c u r r in g  b e t w e e n  n e u tra l m o le c u le s .  
T h e y  d o  n o t  d e v e lo p  d ip o la r  o r  r a d ic a l  t r a n s it io n  s ta tes  an d , t h e re fo r e , th e y  d o  n o t  
d is p la y  la r g e  s o lv e n t  e f fe c t s , n o r  d o  th e y  s h o w  b i g  d i f f e r e n c e s  in  th e  r a te  c o n s tan t  f r o m  
g a s  t o  s o lu t io n  state.
T h e  k in e t ic  b e h a v io u r  o f  th e  D i e l s - A l d e r  r e a c t io n  is  t y p if ie d  b y  th e  d im e r iz a t io n  o f  
c y c lo p e n t a d ie n e ,  w h ic h  g i v e s  m / o -d ic y c lo p e n t a d ie n e  (S c h e m e  2 ) .
S c h e m e  1
k
A  +  B  —»  P r o d
-  d [A ]/ d t  =  k  [ A ]  [ B ] ( i)
Scheme 2
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T h e  s e c o n d -o r d e r  ra te  c o n s ta n t  h a s  b e e n  m e a s u r e d  b y  r u n n in g  th e  re a c t io n  at 2 0  ° C  in  
th e  g a s  p h a s e  a n d  b y  u s in g  d i f f e r e n t  s o lv e n t s  o f  v a r y in g  p o la r it y  a n d  th e  v a lu e s  fo u n d  
w e r e  v e r y  s im i la r  (T a b l e  l ).1
T a b l e  1. 2 nd o rd e r  ra te  c o n s ta n ts  f o r  th e  c y c lo p e n t a d ie n e  d im e r iz a t io n  in  d i f fe r e n t  
s o lv e n t s  at 20 ° C .1
S o lv e n t l O ' k / M "1 s'1 S o lv e n t 107 k / M *1 s'1
G a s  p h a s e 6 .9 C a r b o n  d is u lp h id e 9 .3
E th a n o l 19 T  e t ra c h lo ro m e th a n e 7 .9
N i t r o b e n z e n e 13 B e n z e n e 6.6
P a r a f f in  o il 9 .8 N e a t  l iq u id 5 .2
H o w e v e r ,  f o r  s o m e  re a c t io n s  in v o lv in g  n e u tra l re a c ta n ts  a n d  p ro d u c t s , s ig n i f ic a n t  
s o lv e n t  e f fe c t s  h a v e  b e e n  o b s e r v e d ;  f o r  e x a m p le ,  th e  ra te  co n stan t  f o r  th e  c y c lo a d d it io n  
o f  n -b u t y l  v in y l  e th e r  ( 2 )  (S c h e m e  3 )  w i t h  te t ra c y a n o e th e n e  ( 1 )  is  2 6 0 0  t im e s  b i g g e r  in  
a c e to n it r i le  th a n  in  c y c lo h e x a n e .2
H o w e v e r  th is  r e a c t io n  p r o c e e d s  v i a  a  z w it t e r io n ic  in te rm e d ia te  ( 3 ) ,  f o r m e d  in  th e  ra te -  
l im it in g  s te p , w h i c h  th e n  c lo s e s  r a p id ly  t o  g i v e  th e  f in a l  p r o d u c t  (4 ) .
N C  C N  
N C  C N
H  H
/
H  O C 4H 9
2
N C
H
• N C
•H
4 O C 4H 9
C N  _ > C N
N O " X > g n
I V V ,|"IH
H O C 4H 9
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T h e  e n e  r e a c t io n  (S c h e m e  4 ) ,  c o m p a r e d  to  its a ll re a n a lo g u e  th e  D i e l s - A l d e r  re a c t io n , 
h a s  r e c e iv e d  r e la t iv e ly  lit t le  a tte n t io n  in  te rm s  o f  m e c h a n is t ic  a n d  k in e t ic  s tu d ie s .
H
/
X
H
N
S c h e m e  4
U s u a l ly ,  th e  r e a c t io n  w i t h  s im p le  a l ly l ic  c o m p o u n d s  r e q u ir e s  q u it e  a  lo n g  t im e , c a  2 0  
h o u r s  at h ig h  t e m p e ra tu re  (u p  to  220 ° C ) ;  g e n e r a l ly  an  a r o m a t ic  s o lv e n t  s u c h  as  
t r ic h lo r o b e n z e n e , w i t h  its h ig h  b o i l in g  p o in t  (2 0 0 -2 1 0  ° C )  is  e m p lo y e d  to  a v o id  th e  u s e  
o f  a n  a u t o c la v e .3 A d d i t io n  o f  r a d ic a l  in h ib it o r s  s u c h  a s  th io n in e  o r  p h e n o th ia z in e  can  
in h ib it  p o ly m e r is a t io n  o f  th e  re a c ta n ts  a n d  p ro d u c t s . U n d e r  th e se  c o n d it io n s  th e  e n e -  
a d d u c t  c a n  b e  is o la te d  in  u p  t o  - 8 0 %  y ie ld ,  f o r  e x a m p le  th e  r e a c t io n  o f  S c h e m e  5 ( R =  
a l ip h a t ic  c h a in  o f  v a r ia b le  le n g th ).4
2 2 0  ° C ,  2 0  h ,  T C B  ---------------------------
( T h i o n i n e  o r  P h e n o t h i a z i n e )
Scheme 5
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T h e  e n e  s y n th e s is , a s  w i t h  o th e r  ‘ n o  m e c h a n is m ’ r e a c t io n s ,5 is  g e n e r a l ly  lit t le  a f fe c t e d  
b y  s o lv e n t  c h a n g e s : f o r  e x a m p le  in  th e  r e a c t io n  b e t w e e n  1 ,3 -d ia r y lp r o p e n e s  a n d  d ie th y l  
a z o d ic a r b o x y la t e  th e  ra te  in c re a s e s  o f  a  f a c t o r  o f  4  o n ly , b y  c h a n g in g  th e  s o lv e n t  f r o m  
c y c lo h e x a n e  to  n it r o b e n z e n e  (S c h e m e  6 )  6
A r H
+S
A r
C 2H 50 2C *
N - C 0 2C 2H 5 A r ,
II 8 0 °C
N   ^
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> S N  
I
y "  ' ' • c o 2c 2h 5
A r
S c h e m e  6
CHAPTER 3 - 103-
T h e  r e a c t io n  o f  m a le ic  a n h y d r id e  w i t h  v a r io u s  1-a lk e n e s  ( f r o m  h e x - 1-e n e  to  d o d e c -1 -  
e n e )  h a s  b e e n  s tu d ie d  b y  D w y e r  a n d  s h o w n  to  f o l l o w  s e c o n d -o r d e r  k in e t ic s  w i t h  n o  
s ig n i f ic a n t  s o lv e n t  e f fe c t .7 R u n s  a t  d i f fe r e n t  m o le  r a t io s  o f  a lk e n e  a n d  m a le ic  a n h y d r id e  
in d ic a t e d  th a t  th e  k in e t ic s  w e r e  th e  fir s t  o r d e r  w it h  re s p e c t  to  b o th  re a c tan ts . F o r  th e se  
A ld e r  E n e  r e a c t io n s  1 ,2 -d ic h lo r o b e n z e n e ,  1,4 -d ic h lo r o b e n z e n e ,  a n d  n it r o b e n z e n e  w e r e  
th e  s o lv e n t s  e m p lo y e d  w it h o u t  s ig n i f ic a n t  e f fe c t  o n  th e  ra te , a lth o u g h  n it r o b e n z e n e  g a v e  
a  s id e  re a c t io n , w h ic h  c a u s e d  a  lo s s  o f  m a le ic  a n h y d r id e .7
T h e  ra te  c o n s ta n ts  w e r e  c a lc u la t e d  (T a b l e  2 ) ,  f o r  th o s e  1-a lk e n e s ,  o v e r  a  r a n g e  o f  
t e m p e ra tu re s  b e t w e e n  125 a n d  2 2 4  ° C ,  b y  a p p ly in g  th e  le a s t  s q u a re  m e t h o d  an d  u s in g  
e q u im o la r  re a c tan ts .
T a b l e  2 . R a t e  c o n s ta n ts  (1 0 7 k f .kg 1 s'1)1 f o r  th e  r e a c t io n  b e t w e e n  m a le ic  a n h y d r id e  a n d  
1 - a lk e n e s
A lk e n e T / °  C F r o m  M A a F r o m  A lk e n e  b
H e x - 1-e n e 125 3 .7 2 4 .0 5
175 9 1 .3 9 7 .2
O c t - 1-e n e 125 3 .7 5 4 .0 2
175 21.8 2 1 .9
D o d e c - 1 - e n e 125 4 .1 4 4 .3 0
175 10 1 .3 9 3 .1
2 0 4 3 6 4 .9 4 0 7 .8
2 2 4 8 3 1 .7 9 5 4 .9
“ monitoring of MA loss 
b monitoring of alkene loss
I n  th is  c a s e  q u in o l  w a s  u s e d  a s  f r e e  r a d ic a l  in h ib it o r , w h ic h  d id  n o t  e f fe c t  th e  ra te  o f
7  •
e ith e r  th e  d is a p p e a r a n c e  o f  re a c ta n ts  o r  th e  a p p e a ra n c e  o f  p ro d u c ts . H o w e v e r ,  it w a s  
n o t ic e d  th a t  in  a b s e n c e  o f  q u in o l  a n d  in  p r e s e n c e  o f  a ir , a  s id e  r e a c t io n  o c c u r r e d  w h ic h  
le d  to  m a le ic  a n h y d r id e -a lk e n e  c o p o ly m e r .
1 Units as quoted by F. R. Benn; J. Dwyer, J. Chem Soc. Perkin Trans. 2, 1997, 533. However, 2nd order 
rate constants should be kg mol'1 s*1
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O n  th e  o th e r  h a n d , in  a  s tu d y  o f  th e  L e w i s  a c id -c a t a ly s e d  e n e  re a c t io n  b e t w e e n  m a le ic  
a n h y d r id e  ( 6)  a n d  e n e -t e rm in a te d  p o ly p r o p y le n e  ( 5 )  (S c h e m e  7 ),  th e  u s e  o f  
h y d r o q u in o n e  (a n o th e r  t r a d it io n a l p h e n y l -b a s e d  f r e e  r a d ic a l  t r a p p in g  a g e n t )  re s u lte d  in  
in a d e q u a t e  r a d ic a l  s u p p r e s s io n .8 I n  fa c t , a  s id e  r e a c t io n  w a s  o b s e r v e d  c o n s u m in g  th e  
a lk e n e  a n d  p r o d u c in g  h y d r o g e n  c h lo r id e  e v o lv e d  f r o m  a  L e w i s  a c id .9
O
S c h e m e  7
S ta n n o u s  c h lo r id e  d ih y d ra te , th a n k s  t o  its  w e a k  a c id ic  p r o p e r t ie s  (c o m p a r e d  to  o th e rs  
s u c h  a s  a lu m in iu m  c h lo r id e  a n d  s ta n n ic  c h lo r id e ) ,  re s u lte d  in  r e d u c t io n  o f  is o m e r iz a t io n  
o f  th e  v in y l id e n e  fu n c t io n  a n d  im p r o v e m e n t  in  th e  ra te  o f  th e  e n e  re a c t io n  w h e n  it is  ru n  
a t  h ig h  te m p e ra tu re s  a n d  at v e r y  l o w  c o n c e n tra t io n s  ( e . g .  0 .0 0 5  m o l  e q u iv .  w i t h  re s p e c t  
t o  th e  p o ly p r o p y le n e  v in y l id e n e  g r o u p ).10 In  th is  p a r t ic u la r  re a c t io n  T E M P O ,  a  s ta b le  
f r e e  r a d ic a l  n it ro x id e , w a s  fo u n d  to  b e  a  g o o d  r a d ic a l  t r a p p in g  a g e n t  f o r  th is  e x p e r im e n t .  
8 H o w e v e r ,  m a n y  d i f f ic u lt ie s  w e r e  e n c o u n te re d  in  th e  k in e t ic  in v e s t ig a t io n  o f  th is  
p a r t ic u la r  e n e  r e a c t io n  b e t w e e n  p o ly p r o p y le n e  a n d  M A ,  p a r t ic u la r ly  in  th e  a p p lic a t io n  
o f  a  s e c o n d -o r d e r  k in e t ic  m o d e l.
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T h e  s a m e  p r o b le m s  h a v e  a ls o  b e e n  fo u n d  in  th e  P I B S A  re a c t io n  (S c h e m e  8)  o n  an  
in d u s t r ia l s c a le .11 In  th is  w o r k  m a n y  w e r e  o v e r c o m e  a s  d e ta i le d  b e l o w .
T h e  m is c ib i l it y  o f  th e  re a c ta n ts  M A  a n d  e n e  ( P I B )  c a n  b e  p o o r ,  s o  th a t  th e  u se  o f  
s o lv e n t  is  n e c e s s a ry , a n d  s in c e  h ig h  te m p e ra tu re s  a re  r e q u ir e d  f o r  th e  e n e  r e a c t io n  to  
o c c u r , T C B  w a s  u s e d  a s  s o lv e n t  d u e  to  its h ig h  b o i l in g  p o in t , 2 0 0 -2 1 0 °C . T h e  u s e  o f  
s o lv e n t  is im p o rta n t  a ls o  to  m in im is e  c h a n g e s  in  v is c o s i t y  d u r in g  th e  c o n v e r s io n  o f  
s ta rt in g  m a te r ia ls  in to  p ro d u c t s  as  h a p p e n s  w h e n  n e a t  P I B  ( 6a )  r e a c ts  w i t h  M A  ( 6)  to  
f o r m  P I B S A  (7 ).11 P I B  is  in  fa c t  a  v i s c o u s  l iq u id  a n d  in  th e  in d u s t r ia l p ro c e s s  th e  
s o lu b i l i t y  o f  th e  re a c ta n ts  is  q u it e  l o w  a n d  m a s s  t r a n s fe r  l im ita t io n s  m a y  b  e im p o r t a n t  in  
th e  ra te  e q u a t io n . T h e  re a c t io n  m ix t u r e  b e c o m e s  v e r y  v is c o u s  d u e  to  th e  c o m p le x  n a tu re  
o f  P I B  (b o t h  in  m o le c u la r  w e ig h t  s p re a d  a n d  in  e n d g r o u p  d is t r ib u t io n ) a n d  m a le ic  
a n h y d r id e ,  an d  th is  m a k e s  it v e r y  d i f f ic u lt  to  d e f in e  th e  m a in  a n d  th e  b y -p r o d u c t s  o f  th e  
p r o c e s s  a n d  to  d e te rm in e  a  ra te  e q u a t io n .
O
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T h u s , in  th is  w o r k  th e  k in e t ic  s tu d y  w a s  a p p r o a c h e d  b y  u s in g  o f  o n e  o f  th e  re a c ta n ts  in  
la r g e  e x c e s s  to  s im p li fy  th e  k in e t ic  e q u a t io n s  b r in g in g  th e  s e c o n d  o r d e r  e q u a t io n  to  a  
p s e u d o - f i r s t  o r d e r  w h ic h  w i l l  m a k e  th e  c a lc u la t io n  o f  th e  ra te  c o n s ta n t  e a s ie r .
P o s s ib l e  c o m p lic a t io n s  a re  a ls o  c a u s e d  b y  a  fu r th e r  “ e n e ”  r e a c t io n  o f  P I B S A  (a l s o  an  
a lk e n e ),  d e g r a d a t io n  o f  P E B , M A  a n d  th e  p r o d u c t  P I B S A  i t s e l f  a n d  ta r  fo rm a t io n . T h e s e  
c a n  b e  r e d u c e d  b y  c o n c e n tr a t in g  o n  th e  e a r ly  s ta g e s  o f  th e  r e a c t io n  e s p e c ia l ly  f o r  s l o w  
re a c t io n s .
T h e  m a le ic  a n h y d r id e  c a n  a ls o  g i v e  s id e  r e a c t io n s  s u c h  a s  s e lf -r e a c t io n ,  w h ic h  c a n  b e  
p r e v e n t e d  b y  a d d in g  a  r a d ic a l  in h ib ito r ,  e .g .  q u in o l,  to  th e  r e a c t io n  m ix tu r e . 11
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D u e  to  th e  d if f ic u lt ie s ,  u n d e r  in d u s t r ia l c o n d it io n s , in  fo r m u la t in g  a  k in e t ic  m o d e l  fo r  
th e  P I B S A  r e a c t io n 11 a n d  o th e r  e n e -t e rm in a te d  p o ly o le f in 8 r e a c t io n s  w i t h  M A ,  th e  e f fe c t  
o f  a lk e n e  s tru c tu re  o n  th e  r e a c t io n  ra te , o n  th e  y ie ld ,  o n  b y -p r o d u c t  fo rm a t io n , w a s  
in v e s t ig a te d  b y  u s in g  a  set o f  s im p le  w e l l - d e f in e d  a lk e n e s  (F i g u r e  1 ).
Ph/ Y / / \  P l Z + z k  p t / N / k
l a  2 a  3 a
Figure 1. The five alkenes chosen for this study
T h e  r a t io n a le  is  a s  fo l lo w s .
® T h e  p h e n y l g r o u p  w a s  in t r o d u c e d  in  th e  t e rm in u s  o f  the  a lk e n e  t o  r a is e  th e  b o i l in g
p o in t .
® A  m e th y l su b s t itu e n t  w a s  a d d e d  at p o s it io n  2  to  d e te rm in e  w h e t h e r  th e  m ig ra t io n  o f
d i f f e r e n t  t y p e s  o f  h y d r o g e n  e f fe c t  th e  r a t e  co n stan t.
® O n  th e  o th e r  h a n d , th e  in t ro d u c t io n  o f  m e th y l g r o u p s  ( l o r  2 )  in  p o s it io n  4  w a s  u s e d
f i r s t ly  t o  in c re a s e  th e  a lk e n e  c h a in  a n d  s e c o n d ly  to  o b s e r v e  i f  th e ir  p r e s e n c e  
in f lu e n c e s  th e  ra te  co n s tan t  b y  s te r ic  e f fe c ts .
® F o r  q u a n t i f ic a t io n  th e  s o lv e n t  1 ,2 ,4 -t r ic h lo ro b e n z e n e  w a s  u s e d  a s  in te rn a l s ta n d a rd .
F o r  m o n it o r in g  o f  th e  lo s s  o f  th e  v o la t i le  ‘ e n e s ’ , g a s  c h r o m a to g r a p h y  ( G C )  a n a ly s is  
w a s  a p p lie d ,  w h i l e  H P L C  w a s  p r e fe r r e d  f o r  th e  le s s  v o la t i le  ‘ e n e s ’ ( t h e  n o n -v o la t i le  
P I B ) .
® T o  k e e p  th e  c o n d it io n s  r e p r o d u c ib le  a  r e f lu x  sy s te m , u n d e r  n it ro g e n , w a s  set u p .
•  D u r i n g  th e  r e a c t io n  th e  p o s s ib le  a lk e n e  is o m e r iz a t io n  w a s  m o n it o r e d  b y  r u n n in g  1H -
N M R  s p e c t ra  an d  H P L C  a n d  g a s  c h r o m a to g r a m s .
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I n  o r d e r  to  c a lc u la te , f o r  a ll th e  a lk e n e s , th e  ra te  co n s ta n ts  a n d  e v e n t u a l ly  f r o m  th e  k  
v a lu e s  th e  E a ( b y  p lo t t in g  In  k  v s . 1 /T ) th e  ‘ in it ia l r a t e s ’ m e th o d  f o r  th o s e  r e a c t io n s  that  
a re  v e r y  s l o w  w a s  c o n s id e re d ,  b u t  in  th e  e v e n t  th e  in te g ra te d  m e th o d  w a s  a p p lie d ,  
a s s u m in g  th a t f o r  A  =  th e  s to ic h io m e t r ic a l ly  d e f ic ie n t  s p e c ie s  (e q n . 2 ) :
[A ]c o =  0
d [A ]/ d t =  /fobs [ A ] ,  /fobs”  k 2 [ B ] 0, B  is  e x c e s s  r e a g e n t  ( 2 )
T h e  k in e t ic s  c a n  b e  d e te rm in e d  f r o m  a n a ly s is  b y  s a m p lin g  a n d  ^ - N M R  m o n it o r in g  
( a l o n g  th e  l in e s  a l r e a d y  u s e d  to  in v e s t ig a te  th e  re a c t iv ity  o f  m a le im id e  e n o p h i le ) 12 o r  
G C  o r  b y  H P L C  m o n ito r in g . F o r  th e  m a in  “ e n e ”  p a t h w a y  th e  k in e t ic  a n a ly s is  
c o n c e n tra te d  o n  th e  e a r ly  s ta g e s  c a  2 -3  h a l f - l i v e s  o f  th e  r e a c t io n  u s in g  th e  in te g ra te d  
f o r m  o f  th e  ra te  e q u a t io n  ( i .e .  th e  “ p s e u d o  f ir s t  o r d e r ”  m e th o d ).
3 .1 .3  K i n e t i c  d e r i v a t i o n s
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T h e  m o d e l 13 u s e d  f o r  th is  a n a ly s is  w a s  a s  e q n . ( 3 ) :
A  +  B  ------------ ►  C  ( 3 )
O r  in  th is  c a s e  a s  eq n . ( 4 ) :
k2
M A  +  E n e  ►  P r o d  ( 4 )
F o r  a  c o n s ta n t -v o lu m e , c lo s e d  sy s te m , th e  ra te  o f  th e  r e a c t io n  c a n  b e  d e f in e d  a s  th e  ra te  
o f  c h a n g e  o f  c o n c e n tra t io n  o f  a n y  o f  th e  re a c ta n ts  o r  p ro d u c ts . S o  it c a n  b e  e x p re s s e d  
a s  eq n . ( 5 ) :
d [p r o d ]/ d t  =  - d [M A ]/ d t  =  -  d [e n e ]/ d t  =  k 2 [ M A ]  [e n e ]  ( 5 )
I t  is  u s u a l ly  c o n v e n ie n t  to  r e a r r a n g e  th e  e q u a t io n  a n d  in te g ra te  it f r o m  t im e  t =  0, 
c o r r e s p o n d in g  to  a n  in it ia l c o n c e n tr a t io n  [M A ]o ,  t o  t im e  t, c o n c e n tra t io n  [ M A ]  t
-  J d [M A ]/ d t  =  J k 2 [ M A ]  [e n e ]  s e c o n d  o r d e r  ( 6 )
G e n e r a l ly  i f  th e  r e a c t io n  c o n d it io n s  a re  s u c h  th a t  th e  c o n c e n tra t io n  o f  o n e  o r  m o r e  o f  th e  
s p e c ie s  r e m a in  e f f e c t iv e ly  c o n s ta n t , th e n  th e se  t e rm s  m a y  b e  in c lu d e d  in  th e  ra te  
co n s ta n t  k 2. I n  th is  w a y  m a t h e m a t ic a l ly  th e  r e a c t io n  b e c o m e s  e q u iv a le n t  to  th e  l o w e r  
o rd e r  (e q n .  7 ).
- 1 d [M A ]/ d t  =  hobs J [ M A ] , w h e r e  k ^  / ^ [e n e ] (e x c e s s  e n e )  ( 7 )
B e f o r e  c o n t in u in g  it is  w o r t h  c o n s id e r in g  s id e  re a c t io n s .
CHAPTER 3 - 109-
W h e n  th e  e n e  r e a c t io n  o c c u r s ,  it is  p o s s ib le  th a t o th e r  re a c t io n s , s id e -r e a c t io n s ,  t a k e  
p la c e  at th e  s a m e  t im e  (S c h e m e  9 ) ;  th e se  a r e :11
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B a s ic a l l y ,  b y  u s in g  o n e  o f  th e  t w o  re a c ta n ts , f o r  e x a m p le  h e re  th e  en e , in  la r g e  e x c e s s , it 
is  p o s s ib le  t o  c o n s id e r  th e  r e a c t io n  a s  a  f ir s t  o rd e r -r e a c t io n  b y  u s in g  s o m e  
a p p r o x im a t io n  in  th e  c a lc u la t io n  o f  k :
F o r  r e a c t io n  o f  S c h e m e  9  th e  e q u a t io n  is  ( 8) :
d [M A ]/ d t  =  &; [ M A ]  [e n e ]  +  k 2 [ M A ]2 +  k 3 [ M A ]  ( 8)
H o w e v e r ,  th is  c a n  b e  s im p l i f i e d
a )  u s in g  f o r  e x a m p le  a  r a t io  M A :  e n e  1:10  , it is  c le a r  that
i )  e n e  g o e s  f r o m  1 0 0 %  m o la r  to  9 0 %  = >  [e n e ] t ~  [e n e ]o ~  c o n s t a n t 1,1
i i )  k 2 [ M A ]2 ~  0  ( b im o le c u la r  p r o c e s s e s  a re  g e n e r a l ly  r e d u c e d  at h ig h e r  d i lu t io n )
b )  m o n it o r in g  f o r  t <  t l /2 1V 
k 3 [  M A ] ~ 0 v
11 In unreactive system such as 4-phenylbutene/ M A  (see results 3.2.1) over extended reaction times (e.g. 7d) extensive tar is formed
m This is even i f  all M A  is converted to product. In practice the reaction may not go to completion during analysis time
1V where t\n is half life time taken for one half o f  the original substrate to disappear 
Based on results section, 40% tar is formed over 3 days. As will be seen later reaction was monitored for 6 h, so extent o f tar 
formation likely to be small.
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C o n t in u in g  f r o m  ( 7 )  v ia  ( 8)
- J d [ M A ] / d t  =/c0J [ M A ]
-J d [ M A ] /  [ M A ] =  k 0b Jdt
ln  [ M A ]  -  ln  [ M A ]0 =  -  k obt  , k oby = k 2 [e n e ]0 ( s e e  ( 7 ) )
[ M A ]  =  [ M A ]0 e ' k°bst ( 9 )
S in c e  T C B  is  to  b e  u s e d  a s  in te rn a l s ta n d a rd , th e  ra t io  o f  M A  v s . th e  s o lv e n t , in  th is  
c a se , 1 ,2 ,4 -t r ic h lo ro b e n z e n e  ( T C B ) ,  c a n  b e  e x p r e s s e d  a s  it f o l lo w s :
R a t io  =  1 / [T C B ]  *  [MA] =  1 / [T C B ]  *  [MA ] 0 e x p . ( -  k obst )  
ln  R a t io  =  ln  {[M A]0/ [ T C B ] }  -  ( k obs t )  
o r  g e n e r a l ly
y  =  C  -  k obs t , w h e r e  y  =  In  R a t io , C  =  In  { [M A ] « /  [ T C B ] }
k obs =  ( C  -  y )  / 1 , w h e r e  k obs =  k 2 *  [  en e ]o
A  p lo t  o f  ln  (ratioM A/TCB) v s . t im e  w i l l  y ie ld  k obs a s  s lo p e , f r o m  w h ic h  th e  ra te  co n s tan t  
w i l l  b e  d e r iv e d .
O n  th e  o th e r  h a n d  i f  th e  e n o p h i le ,  M A ,  is  u s e d  in  la r g e  e x c e s s  s o  th a t  th e  ra t io  M A ;  e n e  : 
10 : 1 , u n d e r  th e  s a m e  c o n d it io n s , th e  ra te  e q u a t io n  b e c o m e s :  
ln  R a t io  =  ln  { [e n e ]o /  [ T C B ] }  -  k 'obs t
y ' =  C f -  k o b s  t , w h e r e  y '  =  ln  R a t io ,  C ' = l n  { [e n e ]o /  [ T C B ] }
M obs =  ( C  - y ) / t kobs= k2* [M A]o
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A  p lo t  o f  In  ( r a t io  e n e / T C B )  v s . t im e  w i l l  y ie ld  k'obs  a s  s lo p e  o f  th e  g r a p h , f r o m  w h ic h  
th e  ra te  c o n s tan t  w i l l  b e  c a lc u la t e d / 1
T h e  s a m e  g e n e r a l  fo r m  w i l l  b e  o b t a in e d  i f  c o n c e n tr a t io n  is r e p la c e d  b y  a n y  p r o p e r ty  
l in e a r ly  d e p e n d e n t  o n  c o n c e n tra t io n  e .g .  U V - V i s  a b s o r b a n c e  o r  G C  p e a k  a re a .
T h e  ra te  o f  a  c h e m ic a l  r e a c t io n  in c re a s e s  r a p id ly  w i t h  te m p e ra tu re . I n  th e  c a s e  o f  a  
l i q u id  p h a s e  r e a c t io n  th e  ra te  a p p r o x im a t e ly  d o u b le s  o r  t r e b le s  its v a lu e  f o r  e v e r y  10 ° C  
r is e  in  te m p e ra tu re . G e n e r a l ly ,  d u r in g  a  r e a c t io n  o n ly  a  t in y  f r a c t io n  o f  to ta l n u m b e r  o f
m o le c u le s  w h i c h  c o l l id e ,  f in a l ly  re a c t , d u e  to  th e  fa c t  th a t th e y  n e e d  a  m u c h  g r e a te r
k in e t ic  e n e r g y  th a t th e  a v e r a g e  at that te m p e ra tu re . T h e r e fo r e ,  a  s l o w  c h e m ic a l  c h a n g e  is  
a  r e f le c t io n  o f  th e  s ta t is t ica l n a tu re  o f  m o le c u la r  e v e n t s  a n d  th e  d is t r ib u t io n  o f  e n e r g y  in  
th e  s y s t e m . 13
A c c o r d i n g  to  th e  A r r h e n iu s  th e o ry , th e  in c re a s e  in  ra te  c o n s tan ts  w i t h  t e m p e ra tu re  can  
b e  e x p r e s s e d  b y  e q u a t io n  ( 10)
/c= A e ™  (1 0 )
w h e r e  A  a n d  E a a re  co n s tan ts : A  is  c a l le d  p r e - e x p o n e n t i a l  f a c t o r , E a th e  a c t i v a t i o n  
e n e r g y ,  R  is th e  g a s  co n s ta n t  a n d  T  is  th e  a b s o lu te  te m p e ra tu re . E m p i r i c a l ly  E a is a  
m e a s u r e  o f  th e  t e m p e ra tu re  s e n s it iv ity  o f  th e  ra te  co n s tan t; a  h ig h  E a c o r r e s p o n d s  to  a  
ra te  c o n s ta n t  w h ic h  in c re a s e s  r a p id ly  w i t h  th e  t e m p e ra tu re . V a lu e s  o f  th e se  t w o  
p a ra m e t e r s  c a n  b e  o b ta in e d  f r o m  a  p lo t  o f  In  /c a g a in s t  1/T
In  k  =  In  A -  E a/ R T  (1 1 )
A c c o r d i n g  to  th e  t ra n s it io n -s ta te  t h e o r y 13 th e  t h e rm o d y n a m ic  p a ra m e te r s  s u c h  a s  A H 1 
a n d  A S *  c a n  b e  e v e n t u a l ly  d e r iv e d  f r o m  E a .  T h e  p o te n t ia l e n e r g y  o f  in te ra c t in g  
m o le c u le s  d u r in g  c o l l i s io n s  v a r ie s  w i t h  th e  r e la t iv e  p o s it io n s  o f  th e  v a r io u s  n u c le i ,  a n d  
th e  d e p e n d e n c e  o f  e n e r g y  u p o n  th e  c o o rd in a t e s  o f  th e  n u c le i  f o r  a n y  p a r t ic u la r  r e a c t io n  
s y s t e m  c a n  b e  r e p r e s e n t e d  b y  a  p o te n t ia l e n e r g y  s u r fa c e . A l t h o u g h  its  e x a c t  c a lc u la t io n  
is  q u it e  d i f f ic u lt ,  w i t h in  s u c h  a  s u r fa c e  th e re  is  a  m in im u m  e n e r g y  p a t h w a y  b e t w e e n  
re a c ta n ts  a n d  p ro d u c ts , c a l le d  r e a c t i o n  p a t h w a y  ( F i g u r e  2 ).
Vl caution must be exercised here since significant M A  might be lost as k2[M A]2, likewise k3[MA] -> tar
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Figure 2. Free energy profile for the reaction between A and BC 
I n  a  r e a c t io n  o f  th e  t y p e  o f  e q u a t io n  ( 1 2 )
A  +  B C  =  A B  +  C  ( 1 2 )
a lo n g  th is  p a th w a y , th e  s ta rt in g  a n d  e n d -r e g io n s  c o r r e s p o n d  to  A  b e in g  f a r  r e m o t e  f r o m  
B C ,  a n d  B  b e in g  f a r  r e m o t e  f r o m  A B ,  r e s p e c t iv e ly  (F i g .  2 ) .  T h e  s m a ll r e g io n  a ro u n d
th e  p o s i t io n  o f  m a x im u m  e n e r g y  b e t w e e n  re a c ta n ts  a n d  p r o d u c t s  is k n o w n  as  th e
t r a n s i t i o n  s ta te ,  a n d  th e  c o m p le x  in  th is  r e g io n ,  [  A  ' " ' B '  ” C ] ,  is  k n o w n  as  th e  t r a n s i t i o n  
s ta te  c o m p le x .  A c c o r d in g  to  th is  t h e o ry  th e re  is  a n  e q u i l ib r iu m  (e q u a t io n  1 3 ) b e t w e e n  
re a c ta n ts  a n d  th e  c o m p le x ,  X * ,
K^5 |
A  +  B  z f f f z  X 4" P r o d u c ts  ( 1 3 )
T h e  ra te  o f  th e  r e a c t io n  is  g i v e n  b y  th e  ra te  c r o s s in g  th e  t r a n s it io n  sta te , i.e ., th e
c o n c e n tr a t io n  o f  th e  t ra n s it io n -s ta te  c o m p le x  ( X * =  K * A B )  m u lt ip l ie d  b y  th e  f r e q u e n c y  
w it h  w h ic h  th e  c o m p le x  c r o s s e s  th e  b a r r ie r .  T h u s ,  th e  ra te  c o n s tan t  c a n  b e  e x p re s s e d  b y  
e q u a t io n  (1 4 ) .
k  =  ( k b T / h ) K *  ( 1 4 )
w h e r e  kb is  th e  B o lt z m a n n  c o n s ta n t  (1 .3 8 0 *  10 '23 J I C 1) ,  h  is  P la n c k  c o n s ta n t  (6 .6 2 6  * 1 0 '  
34 J * s )  a n d  T  is  th e  a b s o lu t e  t e m p e r a t u re  . T h is  e q u a t io n  p re d ic t s  th a t  th e  ra te  co n s tan t
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is  a  p r o d u c t  o f  a n  e q u i l ib r iu m  c o n s ta n t  a n d  a  u n iv e r s a l  fa c to r , (K b * (T / h ) ) ,  w h ic h  h a s  
d im e n s io n s  o f  ( t im e ) -1 . T h e  ra te  co n s ta n t  c a n  b e  e x p re s s e d  in  te rm s  o f  th e  
t h e rm o d y n a m ic  fu n c t io n s  c o r r e s p o n d in g  to  K * :
A G * =  - R T  In  K * =  A H *  - T A S *  ( 1 5 )
a n d  s u b s t itu t in g  K * =  e x p . ( -  A G * / R T )  in  e q u a t io n  ( 1 4 )
k  =  ( k b T )/ h  e x p  - [ A G * / R T ]  ( 1 6 )
k  =  (k b  T )/ h  e x p  - [ A h V r T ]  *  e x p [  A S * / R ] ( 1 7 )
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3.2 Results
3 .2 .1  4 - p h e n y l b u t - l - e n e
3 .2 .1 .1  P r e p a r a t i v e  r e a c t i o n  o f  4 - p h e n y l b u t - l - e n e  w i t h  M A
T h e  f ir s t  ‘ e n e ’ r e a c t io n  to  b e  in v e s t ig a te d  w a s  th e  o n e  b e t w e e n  th e  4 -p h e n y lb u t - l - e n e ,  
a s  e n e  ( l a )  a n d  m a le ic  a n h y d r id e  ( 6) ,  a s  e n o p h ile , (S c h e m e  1 0 ). I t  w a s  c a r r ie d  o u t  u n d e r  
d if f e r e n t  c o n d it io n s  ( s e e  T a b l e  3 )  u s in g  1 ,2 ,4 -t r ic h lo ro b e n z e n e  ( T C B )  a s  s o lv e n t .
S c h e m e  10
F o r  e x a m p le ,  h e a t in g  th e  e n e  ( l a )  w i t h  m a le ic  a n h y d r id e  ( 6)  in  1 ,2 ,4 -t r ic h lo ro b e n z e n e  at 
1 7 0 -2 0 0 °C  f o r  c a  3 d a y s  g a v e  c r u d e  3 - (4 - p h e n y l - 2 -b u t e n y l )d ih y d r o -2 ,5 -  f i i r a n d io n e  
( 1 4 )  (S c h e m e  1 0 ), a s  s h o w n  b y  t y p ic a l  p e a k s  in  th e  c ru d e  ^ - N M R  ( a r r o w e d  in  F ig u r e
3 ).V11 T h e  ^ - N M R  a ls o  s h o w e d  m u c h  u n r e a c t e d  l a , vin lit t le  o r  n o  6, ,x a n d  in c re a s e d  
p e a k  a r e a  in  th e  a ry l r e g io n . F r o m  th e  !H - N M R  th e  c o n v e r s io n  to  8 w a s  e s t im a te d  to  b e  
c a  58  %  b y  c o m p a r in g  th e  a d d u c t  p e a k s  at 3 .4 0  p p m  w i t h  u n re a c te d  e n e  p e a k s  at 5 .0 0  
p p m .
vn the assignments will be discussed later.
vmlH-NMR of the 4-phenylbut-l-ene (la ) 8(CDC13): 5.9 (1H, m, 2-H); 5.0 (2H, dd. 1-H);
2.7 (2H, dd, 3-H); 2.3 (2H, dd, 4-H)
k lH -NM RofM A  (6) 5 (CDC13): 7.03 (s, 2-H);
CHAPTER 3 -115-
T a b l e  3. R e a c t io n  c o n d it io n s  u s e d  in  th e  p r e p a r a t iv e  r e a c t io n  o f  4 - p h e n y lb u t - l - e n e  w ith  
M A
E x p . T ( ° C ) S o lv e n t T im e
(d a y s )
W o r k -u p / A n a ly s i s
t e c h n iq u e s 54
Q u in o l N 2 e n e / M A
(m m o l )
1 1 7 0 -1 8 0 ° T C B 341 6 C C
' h -n m r
y e s y e s 4
2 200° T C B 5 V D  
^ - N M R ,  I R
y e s y e s 4
3 200° T C B 3 H H E  
^ - N M R ,  I R
y e s y e s 4
4 1 7 0 ° n o n e 3 H H E
I R , G C , H P L C , ‘H -
N M R
y e s y e s 4
5 *“ 6 0 ° to lu e n e 2h H P L C ,  ' i - I - N M R y e s y e s 4
6 200° T C B 3 V D ,  V S ,  H H R  
‘ H - N M R ,  I R
n o n o 4
7
oOrH n o n e 3 V D ,  V S ,  H H R ,  S U B  
‘ H - N M R ,  IR ,  H P L C ,  
G C
n o n o 4
8 1 7 0 ° n o n e 3 V D ,  H H R ,
' h - n m r ,
n o n o 23/30
9
oO
T C B 3 n o n e ”11
'H - N M R
n o y e s 4
10 200° 3 N o n e
‘ H - N M R ,  I R ” ", H P L C
n o y e s 34/21
11 200° T C B 4 V D ,  H H R ,  
'H - N M R ,  I R ,  H P L C
y e s y e s 4
12 200° T C B 5 V D ,  H H R ,  
H P L C ,  ‘ H - N M R
y e s y e s 15
D i f f e r e n t  te c h n iq u e s  w e r e  t r ie d  t o  is o la te  th e  m a in  p r o d u c t  ( 8) ,  s u c h  a s  c o lu m n  
c h r o m a to g r a p h y , T ic ,  v a c u u m  d is t i l la t io n  a n d  e x t ra c t io n  w i t h  h o t  h e x a n e  a n d  a l l  th e  
a ttem p ts  a re  s u m m a r is e d  in  T a b l e  3. T h is  la s t  p r o v e d  th e  b e s t  at r e m o v in g  th e  ta rry  
r e s id u e  a n d  o n  c o o l in g ,  it y ie ld e d  a  c ru d e  o il. T h is  o i ly  p ro d u c t , w a s  id e n t i f ie d  as  c r u d e  
3 - (4 -p h e n y l -2 -b u t e n y l )d ih y d r o -2 ,5 - f u r a n d io n e  ( 8)  f r o m  its 1 H - N M R  s p e c t ru m  (F i g u r e
4 ) .  It  is  c le a r  f r o m  th e  s p e c t ru m  that 2  c o m p o n e n t s  a r e  p re se n t , e .g .  p e a k s  at 3 .4 0  a n d  
3 .2 0  p p m , th e se  w e r e  a s s ig n e d  a s  Z  a n d  E  is o m e rs ,  r e s p e c t iv e ly , in  r a t io  2 :8 .
* VD= vacuum distillation; VS= vacuum stripping; HHR= hot hexane reflux; SUB= sublimation 
X1 TCB = 1,2,4-trichlorobenzene
xu using as catalyst palladium Acetate/ tri-(o-toly)phosphine which did not give any ene-adduct (from ]H- 
NMR spectrum) 
xm no trace of product
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Figure 3. a) H-NMR of the crude reaction after ~ 3 days; pointed peaks are due to the main product (8) 
for example 8(CDC13) ppm: 5.75 (1H, dt, 2’ -H); 5.4(1H, dt, 3’-H)
3-(4-pheny 1-2-buteny l)dihy dro-2,5-f urandione
Figure 4. 'H-NMR of 3-(4-phenyl-2-butenyl)dihydro-2,5-furandione (8)
X1V it shows clearly MA polymerisation
T a b l e  4 . ^ - N M R  a s s ig n m e n t  f o r  th e  3 - (4 -p h e n y l -2 -b u t e n y l )d ih y d r o -2 ,5 - f i i r a n d io n e  ( 8)
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8 ( p p m ) In te g ra t io n m u lt ip lic it y P r o t o n Jh ,h  ( H z )
7 .1 7 3 H m A r - H
5 .7 5 1 H m H 3'
5 .4 0 1 H m h 2'
3 .4 0 2  H d H 4’ ( Z ) J4’_3’ ~ 8
3 .2 0 2  H d H V ( E ) J4v r ~ 7
3 .1 7 1 H m h 3
3 .0 5 1 H d  d H U  t r a n s JAtrans- 4cis ~  1 8 .8  
JAtrans- 3 ~ 9 .8
2 .8 5 1 H d d H U  c i s J Acis~4trans ~  1 8 .9
J Acis- 3 ~ 6 .3
2 .5 0 2  H m H f
T h e  m u lt ip le t  at 5 .7 5  p p m  w a s  a s s ig n e d  to  th e  a lk e n y l H 3', w h i l e  th e  m u lt ip le t  at 5 .4  
p p m  to  th e  o th e r  a lk e n y l p ro to n , H 2', th e se  b e in g  th e  o n ly  t w o  su ita b le  s ig n a ls  in  th e  l o w  
f i e ld  r e g io n . T h e  r e m a in in g  s ig n a ls  in  th e  a l ip h a t ic  r e g io n  w e r e  a s s ig n e d  a s  f o l l o w s :  th e  
d o u b le t  a t  3 .2 0  p p m  is  a s s ig n e d  to  th e  t w o  H 4' p ro to n s ; it is  d u e  to  th e ir  c o u p l in g  to  H 3'. 
A  s im i la r  b u t  s m a lle r  p e a k  at 3 .4 0  p p m  is  a s s ig n e d  to  th e  Z  is o m e r . T h e  m u lt ip le t  at 
3 .1 7  is  id e n t i f ie d  a s  H 3; th is  is  b y  a n a lo g y  w i t h  its  a s s ig n m e n t  in  th e  r e la t e d  c o m p o u n d  
3 - (3 -p h e n y lp r o p -2 -e n y l )d ih y d r o -2 ,5 - f i i r a n d io n e  (F i g u r e  5).12 T h e  c o m p le x i t y  is  d u e  to  
f o u r  n o n -e q u iv a le n t  h y d r o g e n  v ic in a l  c o u p lin g .
T h e  s ig n a l  a t  3 .0 5  p p m  is  d d  o f  J4c/5= 1 8 .8  a n d  J3-  9 .8  H z .  T h is  c o u p l in g  is  t y p ic a l  o f  th e  
H 4  tra n s  to  th e  b u te n y l g r o u p .  Its  p a rtn e r  d u e  to  H 4 C/S is at 2 .8 5  p p m  (h ira n s  = 1 8 .9  a n d  
J3=  6 .3  H z )  a g a in  b y  a n a lo g y  w i t h  th e  3 - (3 - a r y lp r o p -2 -e n y l )d ih y d r o -2 ,5 - f i i r a n d io n e  
s e r ie s .12 T h e  m u lt ip le t  a r o u n d  2 .5  p p m  is  a s s ig n e d  to  H I '  s ig n a ls .
0
Figure 5. 3-(3-phenylprop-2-enyl)dihydro-2,5-fiirandione
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T h e  e n e  re a c t io n  b e t w e e n  e q u im o la r  4 -p h e n y lb u t - l - e n e  a n d  M A  in  1 ,2 ,4 -  
t r ic h lo r o b e n z e n e  (S c h e m e  1 0 ) w a s  m o n it o r e d  t w ic e  b y  H P L C  to  d e te rm in e  th e  
c o n d it io n s  f o r  th e  a n a ly s is ,  e .g .  th e  e lu e n t  f o r  th e  m o b i le  p h a s e , th e  w a v e le n g t h ,  th e  
q u a n t ity  o f  s a m p le  to  in je c t , th e  u s e  o f  e ith e r  in te rn a l o r  e x te rn a l s ta n d a rd  a n d  th e  
m o n it o r in g  t im e .
T h e  H P L C  in s t ru m e n t  u s e d  w a s  a n  is o c ra t ic  p u m p  T -4 1 4  U v i c o n  7 3 5  L C ,  w i t h  a  
v a r i a b le  w a v e le n g t h  d e te c to r , a  S P 4 2 7 0  in te g ra to r  S p e c t ra  P h y s ic s  a n d  a  P h e n o m e n e x  
C l  8 r e v e r s e  p h a s e  c o lu m n .
S e v e r a l  a t tem p ts  w e r e  m a d e  to  o p t im is e  th e  w o r k in g  c o n d it io n s . F o r  e x a m p le ,  d i f fe r e n t  
p e rc e n ta g e s  o f  m e th a n o l a n d  w a t e r  (th e  e lu e n t  m ix t u r e )  w e r e  tr ie d : 7 0 -3 0 % ,  6 0 -4 0 % ,  
5 0 -5 0 %  a n d  4 0 -6 0 % .  In  a d d it io n , t w o  d i f fe r e n t  c o lu m n  in je c t io n  lo o p -s i z e s  w e r e  tr ie d :  
10 p i  a n d  20 p i ;  th e  fir s t  w a s  c h o s e n .
T h e  r e a c t io n  w a s  ru n  u n d e r  n i t r o g e n  a n d  in  p r e s e n c e  o f  q u in o l,  a s  r a d ic a l  in h ib ito r ,  at 
T =  2 0 0 ° C  f o r  4  d a y s  a n d  it w a s  m o n it o r e d  b y  t a k in g  a  s a m p le  f r o m  th e  r e a c t io n -m ix t u r e  
at t =  0 , 4 , 8, 12, 2 4 , 2 8 , 3 2 , 3 6 , 4 8 , 5 2 , 5 6 , 6 0 , 7 2 , 76 , 80 , 8 4  h o u r s  a n d  w e ig h t in g  it.
A  k n o w n  w e i g h t  o f  D C B  ( l ,2 d i c h lo r o b e n z e n e )  w a s  a d d e d  to  e a c h  s a m p le  a s  a n  e x te rn a l  
s ta n d a rd  ( s e e  e x p e r im e n t a l  p r o c e d u r e ) .  T h e  s a m p le s  w e r e  d i s s o lv e d  e ith e r  in  m e th a n o l  
o r  in  a c e to n it r i le , th e  la tte r  e v e n t u a l ly  w a s  u s e d  to  a v o id  p o s s ib le  d e c o m p o s it io n  o r  s id e -  
r e a c t io n s  th a t  m ig h t  o c c u r  w i t h  m e th a n o l. E v e r y  s a m p le  w a s  in je c t e d  s e v e ra l  t im e s  to  
e n s u re  r e p ro d u c ib i l i t y .  F o r  e a c h  o n e , th e  r a t io  o f  th e  a re a s  o f  en e , M A  a n d  T C B  w e r e  
m e a s u r e d ,  in  c o m p a r is o n  w i t h  th a t  o f  D C B  (1 ,2  d ic h lo r o b e n z e n e )  a n d  th e  a v e r a g e  
‘R e la t i v e  P e a k  A r e a ’ o v e r  a l l  th e  in je c t io n s  w a s  c a lc u la te d . A  g r a p h  o f  ‘ R e la t iv e  P e a k  
A r e a ’ f o r  e a c h  c o m p o u n d  w a s  d r a w n  v s . t im e . T h e  r e a c t io n  c o n d it io n s  a r e  in  T a b le s  5 
a n d  th e  re s u lt s  in  T a b l e  6. B e c a u s e  o f  th e  la r g e  scatte r, th e  r e a c t io n  w a s  r e p e a t e d  a n d  th e  
re s u lt s  a r e  in  T a b l e  7  a n d  p lo t t e d  in  F ig u r e s  6- 8.
3.2.1.2 Preliminary Kinetic Analysis
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T a b l e  5 : R e a c t io n  q u a n tit ie s .
W t / g m m o le s m o le s / k g
T C B 1 5 .0 2 83 3 .7 2
4 -p h e n y lb u te n e 4 .2 5 3 2 1.43
M A 2 .9 2 3 0 1.33
q u in o l 0 .1 5 1.3 0 .0 6
T a b l e  6. H P L C  m o n it o r in g  o f  th e  r e a c t io n  o f  4 - p h e n y lb u t - l - e n e  w i t h  M A .  [ M A ] =  1 .33  
m o l k g '1, [ e n e ]=  1 .43  m o l  k g '1, T =  200 °C .
R e l .  P e a k  A r e a ™ R e l .  P e a k  A r e a  x /
T im e / h
•^XVl
M A E n e T C B M A E n e T C B
0 1.00 4 .2 9 0 .4 3 1 .3 2 4 .2 9 0 .4 3 1 .3 2
4 1 .0 9 3 .9 2 0 .3 7 1 .15 4 .2 7 0 .4 1 .25
12 3 .7 7 0 .7 3 0 .0 7 0 .3 4 2 .7 5 0 .2 6 1 .28
2 4 0.66 10.6 0 .1 4 1 .3 0 7 .0 0 0 .0 9 0.86
2 8 1 .0 7 1 .4 2 0 .0 6 0 .4 4 1 .52 0 .0 6 0 .4 7
3 2 1 .1 7 1 .5 7 0 .1 6 1.22 1 .8 4 0 .1 9 1.43
3 6 0 .7 8 1 .9 0 0.22 1 .6 2 1 .48 0 .1 7 1.26
4 8 1 .15 1 .0 6 0 .1 5 1 .7 9 1.22 0 .1 7 2 .0 6
5 2 0 .9 5 0.86 0 .1 5 1 .8 2 0 .8 2 0 .1 4 1.73
5 6 0 .9 5 1 .2 6 0 .1 6 2 .1 3 1.2 0 .1 5 2.02
6 0 1 .3 4 0 .9 3 0.10 1 .9 7 1.25 0 .1 3 2 .6 4
7 2 1 .3 4 2 .7 5 0 .0 9 1 .2 7 3 .6 9 0.12 1.7
7 6 1.31 3 .1 6 0.11 1 .3 7 4 .1 4 0 .1 4 1 .7 9
80 1 .5 2 0 .7 5 0 .0 7 0 .9 6 1 .1 4 0.11 1 .4 6
8 4 1 .48 1.21 0 .0 8 0 .6 4 1 .7 9 0.12 0 .9 5
xv Ratio of peak area of MA, ene or TCB vs. that of DCB peak, 254 nm
XVI Conversion factor: at t=0, ratio of reaction sample to “external” standard was 2.11:1 (27.9 ing:13.2 
mg). At other tune different ratios were taken, e.g. at t=4 1.93:1 (11.6 mg: 6.0 mg). Therefore all 
readings t=4 onwards were corrected to give MA, ene, solvent peak areas that would have been 
obtained if  the ratio taken had been 2.11: 1. E.g. for t=4 MA, ene, solvent values were multiplied by 
2.11/1.93
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T a b l e  7. H P L C  m o n it o r in g  o f  th e  r e a c t io n  o f  4 - p h e n y lb u t - l - e n e  w it h  M A .  [ M A ] :=  1 .33  
m o l * k g '\  [ e n e ]=  1 .43  m o l * k g '\  T =  2 0 0  ° C
R e l.  P e a k  A r e a ™ 1 R e l.  P e a k  A r e a  x /
T im e / h / M A E n e T C B M A E n e T C B
0 4 .6 8 0 .5 1 1 .3 6 4 .6 8 0 .51 1 .3 6
4 1.01 3 .0 0 0 .3 8 1.22 3 .0 3 0 .3 8 1.22
4 ’ 1.20 2 .6 7 0 .3 7 1.21 3 .2 0 0 .4 4 1.21
8 1 .4 7
8' 1 .15 2 .1 4 0 .3 2 0 .8 3 2 .4 5 0 .3 7 0 .8 3
12 2 .3 2
12 ' 1 .4 8 2 .3 6 0 .1 9 0 .6 5 3 .5 0 0 .2 8 0 .6 5
2 4 1.20 4 .9 4 0 .1 4 0 .7 7 5 .9 2 0 .1 7 0 .7 7
2 4 ' 1 .1 9
2 8 1 .2 8 0 .3 3 0 .2 8 1 .4 2 0 .4 2 0 .3 6 1 .4 2
2 8 ' 1.22 1 .7 7 0 .1 3 0 .5 7 2 .1 6 0 .1 6 0 .5 7
3 2 1 .3 4 1 .15 0 .0 9 0 .6 0 1 .5 4 0.12 0 .6 0
3 2 ' 0 .9 7 1 .0 9 0 .1 7 0.86 1 .0 6 0 .1 7 0.86
3 6 1 .0 6 3 .8 6 0 .1 6 0 .8 7 4 .0 8 0 .1 7 0 .8 7
3 6 ' 1 .7 9 1 .0 9 0 .0 9 0.66 1.95 0 .1 6 0.66
4 8 1.01 1 .6 4 0 .1 6 1.00 1.65 0 .1 6 1.00
4 8 ' 1 .0 9 2 .1 4 0 .1 4 0 .9 5 2 .3 3 0 .1 5 0 .9 5
5 2 0 .9 7 1 .85 0 .1 5 1.15 1 .7 9 0 .1 4 1.15
5 2 ' 1 .3 4 0 .9 3 0.11 0 .7 9 1 .2 4 0 .1 5 0 .7 9
5 6 1 .3 7 0.68 0.10 0 .0 6 0 .9 3 0 .1 4 0 .0 6
5 6 ' 0 .9 3 1 .0 8 0 .1 4 1 .26 1.00 0 .1 3 1 .2 6
6 0 1 .2 8 1 .6 2 0 .0 8 1 .06 2 .0 7 0.10 1 .0 6
6 0 ' 1.20 0 .9 2 0 .0 9 1.01 1.10 0.11 1.01
7 2 1 .1 9 1 .7 2 0 .0 6 1.12 2 .0 4 0 .0 7 1.12
7 2 ' 1 .2 8 0 .4 9 0 .0 7 0 .9 7 0 .6 3 0 .0 9 0 .9 7
7 6 0 .8 3 1 .0 4 0 .0 7 1 .2 6 0.86 0 .0 6 1 .2 6
7 6 ' 1 .1 4 0 .2 6 0 .0 5 0 .8 3 0 .3 0 0 .0 6 0 .8 3
80 0 .8 4 1.43 0 .1 3 2 .3 4 1.20 0.11 2 .3 4
8 0 ' 0 .8 4 0 .4 7 0 .0 9 1.22 0 .4 0 0 .0 8 1.22
84 1.15 0 .4 0 0 .0 4 0 .8 4 0 .4 6 0 .0 5 0 .8 4
8 4 ' 1 .2 7 0 .2 4 0 .0 3 0 .7 6 0 .3 0 0 .0 4 0 .7 6
xvn see f/n xv and xvi relative to Table 6
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Figure 6. Plot of the Relative Peak Area x /fo r the ‘ene’ (4-phenylbut-1 -ene) vs. time for reaction of MA 
with 4-phenylbut-1 -ene (la ) in TCB AT 200 °C. [MA]0= 1.33 moPkg1, [ene] <f= 1.43 mol*kg
Figure 7. Plot of the Relative Peak Area x /fo r the MA vs. time for reaction of MA with 4-phenylbut-1- 
ene (la ) in TCB AT 200 °C. [MA]0= 1.33 m ol*kg'\ [ene] 0= 1.43 m ol*kg1.
Figure 8. Plot of the Relative Peak Area x /fo r the TCB vs. t for reaction of MA with 4-phenylbut-1-ene 
(la ) in TCB AT 200 °C. [MA]0= 1.33 m ol*kg'\ [ene] 0= 1.43 mol*kg‘l .
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S im ila r ly ,  R e la t i v e  P e a k  A r e a s  f o r  th e  p ro d u c t  ( 8)  w e r e  c a lc u la t e d  (T a b l e  8)  a n d  p lo t te d  
o n  a  g r a p h  v s . t im e  (F i g u r e  9 ).
T a b l e  8. H P L C  m o n it o r in g  o f  th e  r e a c t io n  o f  4 - p h e n y lb u t - l - e n e  ( l a )  w i t h  M A .  
[ M A ] =  1 .33  m o f f k g '1, [ e n e ]=  1 .43  m o P k g " 1, T  =  2 0 0  °C .  R e l .  P e a k  A r e a  is  
th e  m e a s u r e d  p e a k  a r e a  f o r  th e  p r o d u c t  ( 8)  r e la t iv e  t o  th a t o f  T C B .
t R e la t i v e  P e a k  A r e a  t r a n s -a d d u c t
0 0 .0 0 6
4 0 .0 6
8 0 .0 7
12 0 .0 5
2 4 0.2
2 8 0.12
3 2 0 .0 8
3 6 0 .1 9
4 8 0 .4 8
52 0 .3 7
56 0 .43
6 0 0 .9
7 2 0 .9 5
7 6 0 .6 5
80 0 .4 7
84 0 .2 9
1
0.8 
< 0.6 -
o) 0.4 - a
0.2
0 4>-
20 40 t/h 60 80 100
Figure 9. Plot of the Relative Peak Area x/  for the trans ene-adduct vs. time for reaction of MA with 
4-phenylbut-l-ene (la ) in TCB AT 200 °C. [MA]0= 1.33 moffkg'1, [ene] 0= 1.43 mol*kgT
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C o m m e n t s
F r o m  th e s e  p r e l im in a r y  a n a ly s e s , th e  c h o s e n  m o n it o r in g  m e th o d  w a s  s e e n  to  b e  v i a b le  
b u t  w it h  p o o r  r e p ro d u c ib i l it y .
T h e  u s e  o f  th e  ‘ e x te rn a l s ta n d a rd ’ w a s  fo u n d  d i f f ic u lt  f o r  th e  q u a n t i f ic a t io n  o f  da ta . O n  
th e  o th e r  h a n d , f r o m  F ig u r e  8, it is  c le a r  that th e  s o lv e n t  T C B  stay s  a p p r o x im a t e ly  
co n s ta n t  o v e r  th e  e a r ly  s ta g e s , e .g .  a  p e r io d  o f  4  h o u rs , t h e re fo r e  it c a n  b e  u s e d  as  
in te rn a l s ta n d a rd . F u r t h e rm o r e  it w a s  c o n f i r m e d  th e  o v e r a l l  v o lu m e  c h a n g e s  b y  <  5 % .  
T h is  is  im p o rta n t  b e c a u s e  it s h o w s  th a t th e  T C B  (a t  le a s t )  is  n o t  lo s t  f r o m  th e  re a c t io n .  
T h e  m ix tu re  m e t h a n o l -w a t e r  7 0 -3 0 %  w a s  fo u n d  to  b e  th e  b e s t  f o r  H P L C  a n a ly s is .
F r o m  th e  H P L C  c h r o m a to g r a m s  it w a s  p o s s ib le  t o  s p o t  th e  a p p e a ra n c e  o f  n e w  p e a k s ,  
b e s id e  t h o s e  o f  th e  s ta rt in g  m a te r ia ls , p r o b a b ly  d u e  t o  th e  e n e -a d d u c t .
O n  th e  o th e r  h a n d , a l th o u g h  it w a s  p o s s ib le  t o  m o n it o r  th is  (F i g u r e  9 ) ,  th e  g r a p h  w a s  
v e r y  s c a t te re d  a n d  a c c u ra t e  q u a n t i f ic a t io n  w a s  im p o s s ib le .
In it ia l ly  a l l  th e  s a m p le s  c o l le c t e d  f r o m  th e  r e a c t io n  m ix tu re  w e r e  d i s s o lv e d  in  m e th a n o l  
b u t  r e p e a t in g  in je c t io n s  o f  a  s a m e  s a m p le  a f t e r  a  f e w  d a y s , s h o w e d  th e  d is a p p e a r a n c e  o f  
th e  p e a k s  d u e  to  b o th  M A  a n d  p r o d u c t  a n d  th e  a p p e a ra n c e  o f  n e w  o n e s  e s p e c ia l ly  a s  
s id e  p e a k s . P r o b a b ly ,  th e  m e th a n o l in d u c e s  s id e  re a c t io n s  s u c h  a s  e s te r if ic a t io n .
I t  w a s  d e c id e d  to  e s t im a te  k  f r o m  th e  d a ta  o f  T a b l e  7  b y  u s in g  th e  s e c o n d  o r d e r  m e th o d  
a s  f o l l o w s :
A s  a  t w o -c o m p o n e n t s  r e a c t io n  th e  k in e t ic  e q u a t io n  is  M A +  e n e  - »  P  w h ic h  c a n  b e  
e x p re s s e d  a s  th e  in te g ra te d  fo r m  -  d [M A ]/ d t  =  k  [ M A ]  [e n e ].
S in c e  th e  r e a c t io n  w a s  ru n  u n d e r  e q u im o la r  c o n c e n tr a t io n  o f  s ta rtin g  m a te r ia ls ,  [ M A ] =  
[e n e ] ,  t h e re fo r e  th e  e q u a t io n  c a n  b e  e x p re s s e d  a s  -  d [M A ]/ d t  =  k  [ M A ] 2, a n d  in te g ra t in g  
it - J  d M A / [ M A ]2 =  J k  d t , w h o s e  s o lu t io n  is  1/ [ M A ]  -  1/ [ M A ] o  =  k  t 
F u r t h e rm o r e  w h e n  t=ti/2, [ M A ] =  [M A ] o /  2 a n d  k  = l / [ M A ] o  *  t i /2 
F o r  th is  r e a c t io n  ( T =  200 ° C )  t m ~  2 4  h  s o  th e  ra te  e q u a t io n  k  =  1/ [ M A ] o *  t i /2 b e c o m e s :
k =  1/ (4 .2  m o l * k g  _1 *  8 6 4 0 0  s e c )  
k =  0. 2 7 6 *  10 ‘5 m o l -1  k g  se c ” 1.
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F o l l o w i n g  th e  p r e l im in a r y  a n a ly s is  u n d e r  s e c o n d  o r d e r  c o n d it io n s , th e  r e a c t io n  w a s  
s tu d ie d  u s in g  th e  p s e u d o  f i r s t  o r d e r  m e th o d  ( s e e  in t ro d u c t io n , p a r a g r a p h  3 .1 ) .  In  
p a r t ic u la r  th e  [ M A ]  w a s  se t at 1/10 o f  [e n e ]  a n d  its  lo s s  w a s  m o n it o r e d  o v e r  t im e . T h e  
r e a c t io n  w a s  c a r r ie d  o u t  t w ic e ,  o n c e  at 1 9 0  ° C  a n d  o n c e  at 1 8 0  ° C  ( s e e  T a b l e s  9  a n d  10  
f o r  c o n d it io n s ).  S a m p le s  w e r e  t a k e n  e v e r y  3 0  m in u te s  o v e r  6 h o u r s  f o r  th e  f ir s t  m n  a n d  
e v e r y  15 m in u te s  o v e r  8 h o u r s  d u r in g  th e  s e c o n d  ru n . S in c e  th e  p r e l im in a r y  m o n it o r in g  
( s e c t io n  3 .2 .1 .2 )  h a d  s h o w n  th a t th e  s o lv e n t , 1 ,2 ,4 -T C B ,  is  c o n s ta n t  o v e r  th e  firs t  6 
h o u r s , it w a s  u s e d  a s  in te rn a l s ta n d a rd . T h e  s a m p le s  w e r e  th e n  d i lu t e d  w i t h  M e C N  a n d  
a n a ly s e d  b y  H P L C .  F o r  b o th  th e  re a c ta n ts , th e  t e rm  ‘R e la t i v e  P e a k  A r e a ’reactant =  ‘P e a k  
A r e a  reactant/Peak A r e a T C B ’ w a s  c a lc u la t e d .™ 11 A l l  th e  d a ta  a re  s u m m a r is e d  in  T a b l e  11 
a n d  12 a n d  p lo t t e d  v s . t im e  in  F ig u r e s  1 0 -1 1 . I t  c a n  b e  a s s u m e d  th a t  [ M A ] n =  0 , a n d  so  
th e  p s e u d o  f i r s t  o r d e r  k 0bs w a s  d e r iv e d  f r o m  th e  s lo p e  o f  th e  p lo t  ln (R e la t i v e  P e a k  A r e a )  
v s . t im e  a n d  a c c o r d in g  to  th e  p s e u d o  fir s t  o r d e r  th e o ry , k 2 is  d e r iv e d  f r o m  k 2=  A W [e n e ]o .
3.2.1.3 Pseudo first order ‘excess ene ’ method (A)
T a b l e  9 : R e a c t io n  q u a n t it ie s  f o r  e x p e r im e n t  at T =  19 0  ° C
S ta r t in g  M a t e r ia l s W t  /g m m o le s m o le s / k g
T C B 15 .0 3 83 4 .2
4 -p h e n y lb u t e n e 4 .0 6 31 1 .5 9
M A 0 .2 9 3 .0 0 .1 5
q u in o l 0 .1 5 1.3 0 .0 8
T a b l e  10 : R e a c t io n  q u a n t it ie s  f o r  e x p e r im e n t  at  T =  1 8 0  ° C
W t / g m m o le s m o le s / k g
T C B 5 4 .0 0 2 9 8 4 .4
4 -p h e n y lb u t e n e 1 3 .4 7 102 1 .4 9
M A 1.01 10 .3 0 .1 5
q u in o l 0 .0 4 1 7 0 .3 8 0.01
xvm Each sample was injected many times (~5/6) to ensure the accuracy of the data and an average was 
calculated; poor HPLC runs were rejected.
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P e a k  A r e a  f o r  e n e  an d  M A  f o r  r e a c t io n  at T =  190  ° C .  [e n e ]  =  1 .5 9  m o l * k g _I, 
[ M A ] =  0 .1 5  m o l * k g '1. R e l .  P e a k  A r e a  is  th e  m e a s u re d  p e a k  a r e a  f o r  th e  4 -  
p h e n y lb u t - l - e n e  ( l a )  o r  M A  r e la t iv e  to  th a t  o f  T C B .
Table 11. HPLC monitoring of the reaction o f 4-phenylbut-l-ene ( la )  with MA. Rel.
t/h R e l.  P e a k  A r e a  e n e R e l.  P e a k  A r e a  M A
0 0 .4 9 0 .4 9
0 .5 0 .5 2 0 .4 2
1 0 .5 3 0 .3 2
1.5 0 .4 8 0 .2 3
2 0 .4 8 0.2
2 .5 0 .4 5 0 .1 8
3 0 .4 7 0.12
3 .5 0 .4 7 0 .1 5
4 0 .4 8 0 .1 4
4 .5 0 .4 9 0 .1 4
5 0 .4 5 0.11
5 .5 0 .4 4 0 .0 9
6 0 .4 3 0 .0 9
Figure lO.Plot of the Relative Peak Area for MA vs. t for reaction of MA with 4-phenylbut-l-ene (la) at 
190 °C. [ene]= 1.59 mofflcg'1, [MA]= 0.15 mol*kg~\ Inset: Plot of ln (Relative Peak Area^) 
vs. time.
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T a b l e  12. H P L C  m o n it o r in g  o f  th e  r e a c t io n  o f  4 - p h e n y lb u t - l - e n e  ( l a )  w i t h  M A  fo r  
re a c t io n  ata t 1 80  °C .  [ e n e ]=  1 .49  m o l  k g  , [ M A ] =  0 .1 5  m o l  k g '1. R e l .  P e a k  
A r e a  is  th e  m e a s u r e d  p e a k  a r e a  f o r  M A  re la t iv e  to  that o f  T C B
t/h R e l.  P e a k  A r e a
0 0 .3 8 4
0 .2 5 0 .3 6 9
0 .5 0 .3 5 6
0 .7 5 0 .3 5 1
1 0 .3 5
1 .25 0 .3 4
1.5 0 .3 5
1 .75 0 .3 4 9
2 0 .3 4 6
2 .2 5 0 .3 4 9
2 .5 0 .3 3 5
2 .7 5 0 .3 4 6
3 0 .3 1 9
3 .2 5 0 .3 3 2
3 .5 0 .3 2 1
3 .7 5 0 .3 1 5
4 0 .3 0 2
4 .2 5 0 .3 0 8
4 .5 0 .2 8 4
4 .7 5 0 .2 9 9
5 0 .3 1 5
6 0 .2 8 3
7 0 .2 7 8
8 0 .2 3 9
10.5 0 .0 7 3
Figure 11. Plot of the Rel. Peak AreaMA vs. time for reaction of MA with 4-phenyl-but-2-ene (la ) at 180
°C. [ene]= 1.49 mol kg'1, [MA]= 0.15 mol kg'1- Inset! Plot of In (Relative Peak AreaMA) vs. 
time.
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C o m m e n t
F r o m  a  c o m p a r is o n  o f  th e  p r e v io u s  t w o  re a c t io n s , o n e  at 190  ° C  ( k 2 =  7 .9 7 *1  O'5 m o l '1 k g  
s '1)  a n d  th e  o th e r  at 1 80  ° C  ( k 2-  0 .9 *  10'5 m o l"1 k g  s '1) ,  a lth o u g h  k 2 in c re a s e s  w it h  
te m p e ra tu re , a s  e x p e c te d , th e  d i f f e r e n c e  s e e m s  v e r y  la r g e  ( 8- f o l d  o v e r  10 ° C ) .  D w y e r  
fo u n d  o n ly  c a  4 - f o ld  in c re a s e s  f o r  d o d e c -1 -e n e  o v e r  1 7 5 -2 0 4  ° C  (2 9  ° C ) .  T h e  d a ta  at 
1 8 0 °C  s e e m s  m o r e  r e l ia b le  a n d  so  th e  v a lu e  at 19 0  ° C  n e e d s  to  b e  t re a te d  w it h  c a u tio n .  
A n  im p o rta n t  p o in t  is that th e  m o n it o r in g  o f  th e  r e a c t io n  at 190  ° C  s h o w e d  o n ly  v e r y  
s lig h t  r e d u c t io n  in  th e  a m o u n t  o f  a lk e n e  o v e r  6 h.
H o w e v e r ,  th e  m a in  p r o b le m  w a s  th e  a m o u n t  o f  t im e  ta k e n  to  a n a ly s e  th e  s a m p le s  b y  
H P L C .  E a c h  s a m p le  t o o k  at le a s t  3 0  m in u te s  b e f o r e  a ll th e  c o m p o u n d s  w e r e  e lu te d .  
F u r th e rm o re ,  a  b la n k  o f  th e  s o lv e n t  u s e d  to  d ilu te  th e  s a m p le  (m e t h a n o l  a n d  e v e n t u a l ly  
a c e to n it r i le ),  w a s  in je c t e d  a ft e r  e a c h  s a m p le  t o  c le a n  th e  in je c to r  a n d  to  m a k e  su re  th a t  
n o n e  o f  th e  s u b s t a n c e  w a s  s tu c k  in  th e  c o lu m n  c a u s in g  a  r is k  o f  c o n ta m in a t io n  f o r  th e  
f o l l o w i n g  s a m p le . T h e  q u a li t y  o f  th e  c h r o m a to g r a m s  w a s  n o t  v e r y  g o o d  d u e  to  th e  
p re s e n c e  o f  a  lo t  o f  s id e  a n d  n o is e  p e a k s  o ft e n  o v e r la p p in g  th e  p e a k s  o f  in te rest. A t  th e  
b e g in n in g ,  m e th a n o l w a s  u s e d  a s  s o lv e n t  to  d ilu te  th e  s a m p le ; b u t  e v e n t u a l ly  it w a s  
n o t ic e d  th a t i f  th e  s a m e  s a m p le  w a s  in je c te d  a f t e r  a  f e w  d a y s , th e  R e l .  P e a k  A r e a reactant 
h a d  c h a n g e d . T h is  w a s  a t t r ib u te d  t o  a  p o s s ib le  e f fe c t  o f  th e  m e th a n o l i t s e l f  t o  c a u s e  th e  
o p e n in g  o f  th e  M A  to  a  d ie s te r . T h e r e fo r e  it w a s  d e c id e d  to  c h a n g e  th e  d i lu t io n  s o lv e n t  
t o  a c e to n it r i le  w h ic h  k e p t  th e  c o m p o u n d s  s ta b le . F in a l ly  s e v e ra l  in je c t io n s  w e r e  r e q u ir e d  
f o r  e a c h  s a m p le  in  o rd e r  to  g u a ra n t e e  r e p r o d u c ib i l i t y  o f  data . T h o s e  in c o n v e n ie n c e s  le a d  
t o  th e  c o n c lu s io n  th a t th e  H P L C  m e th o d  is  n o t  a  v e r y  g o o d  o n e  in  th is  c a se . T h e r e fo r e  
G C  w a s  t r ie d  a s  a lte rn a t iv e  a n a ly s is  t e c h n iq u e .
F u r th e rm o re ,  th e  c o n d it io n s  w e r e  c h a n g e d  to  d e f ic ie n t  e n e  a n d  e x c e s s  M A .
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M e t h o d  B ,  a s  e x p la in e d  in  th e  in t ro d u c t io n  o f  th is  c h a p te r  ( in  th e  s e c t io n  r e la t iv e  to  th e  
k in e t ic  m e t h o d s )  w a s  o n e  o f  th e  t w o  m e th o d s  th a t  w e r e  c o n s id e r e d  f o r  th e  k in e t ic  
a n a ly s is  o f  th is  p ro je c t . In  th is  c a s e  th e  e n o p h i le ,  M A ,  w a s  th e  r e a c ta n t  u s e d  in  e x c e s s  
(1 0 :1  M A :  e n e )  to  m a in ta in  p s e u d o  f i r s t -o r d e r  c o n d it io n s . T h e  s o lv e n t , 1 ,2 ,4 -T C B ,  w a s  
still u s e d  a s  in te rn a l s ta n d a rd  a n d  th e  q u in o l  w a s  a d d e d  to  r e d u c e  r a d ic a l  re a c t io n s .
A s  a  p r e l im in a r y  a n  N M R  m o n it o r in g  u s in g  th e  s a m e  a m o u n ts  a s  in  T a b l e  13 f o r  a b o u t  
6 h  at 1 8 0  °C ,  g a v e  th e  s p e c t ru m  (F i g u r e  1 2 ) w h e r e  p e a k s  d u e  t o  th e  m o n o  e n e -a d d u c t  
a re  c le a r ly  p re s e n t  ( f o r  th e ir  a s s ig n m e n t  s e e  s e c t io n  3 .2 .1 .1 ).
T a b l e  13 : R e a c t io n  Q u a n t it ie s .
3.2.1.4 Pseudo first order ‘excess MA ’ method (B)
S ta r t in g  m a te r ia ls W t / g m m o le s m o le s / k g
T C B 8 .0 6 4 5 4 .3
4 -p h e n y lb u t -1 -e n e 0 .2 8 21 0.21
M A 2.01 2.1 1 .9 8
q u in o l 0 .0 0 9 3 0 .0 8 4 0 .0 0 8 1
Figure 12. 'H -N M R  o f  the crude reaction mixture after ca . 6 h at 180 °C
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A c c o r d i n g  to  th e  n e w  c o n d it io n s  th e  en e  lo s s  w a s  m o n it o r e d  a n d  th e  n e w  k in e t ic  
e q u a t io n  (e q u a t io n  7 a )  to  c a lc u la t e  th e  ra te  co n s tan t  is:
[e n e ]= [e n e ]0 $ 'kobs « b s , = f c [ M A ] 0. ( 7 a )
A  s a m p le  o f  th e  r e a c t io n  m ix t u r e  (d i lu t e d  w i t h  a c e to n it r i le  at c a  8 0 % )  at t = 0  w a s  
in je c t e d  a n d  th e  g a s  c h r o m a to g r a m  s h o w e d  ( in  F ig u r e  1 3 ) th a t a ll th e  re a c ta n ts  w e r e  
w e l l  r e s o lv e d  a n d  e lu te d  w it h in  ~  15 m in u te s .
1__________________________________
■ f ----------------------------------------------   — --------------------------------------------------------------------------------------------------------- 2 . 6 3
m [-* • srf J ' " ” 1 1 "*
Figure 13. GC of the reaction mixture at t=0, [ene]= 0.21 moUkg*1, [MA]= 1.98 mol*kg'1
T h e  e n e  r e a c t io n  b e t w e e n  4 -p h e n y lb u t - l - e n e  a n d  M A  in  1 ,2 ,4 -t r ic h lo ro b e n z e n e  
(S c h e m e  10)  w a s  m o n it o r e d  s e v e ra l  t im e s  b y  G C  u n d e r  th e  a b o v e  c o n d it io n s , b u t  at 
d if fe r e n t  t e m p e ra tu re s  ( T a b l e  1 4 ). F o r  e a c h  te m p e ra tu re  th e  a n a ly s is  w a s  d u p lic a t e d . In  
a ll c a s e s  th e  [ M A ]  w a s  s e e n  to  b e  a p p r o x im a t e ly  c o n s ta n t  o v e r  th e  m o n it o r in g  t im e  
( < 6h ). G e n e r a l ly  th e  r e a c t io n  w a s  m o n it o r e d  f o r  a  f e w  h o u rs  (3  to  6)  a n d  s a m p le s  w e r e  
c o l le c t e d  e v e r y  20 m in u te s  a n d  d i lu t e d  to  c a  8 0 %  in  a c e to n itr ile . U p o n  G C  a n a ly s is  th e  
AreaEne/ A re aT C B  a n d  th e  In  (A reaE n e/  A re a T C B ) v s . t im e  w e r e  c a lc u la t e d  f o r  a ll o f  th e m  
( T a b l e  1 5 ) a n d  p lo t te d  o n  a  g r a p h  ( s e e  F ig u r e  1 4 ). T h e n  k 0bs w a s  o b ta in e d  f r o m  th e  la tte r  
g r a p h  a s  its s lo p e  a n d  k 2 w a s  d e r iv e d  f o r  a ll th e  re a c t io n s  (T a b l e  1 6 ). F in a l ly  th e
a c t iv a t io n  e n e r g y  w a s  o b ta in e d  f r o m  th e  s lo p e  o f  In  k 2 vs. 1/T (T a b l e  1 6 -a , F i g u r e  1 5 )
a c c o r d in g  to  e q u a t io n  ( 1 1 ) :
In  k 2=  In  A -  E a/ R T  (1 1 )
T h e  t h e rm o d y n a m ic  p a ra m e te r s  su c h  a s  A H *  a n d  A S *  w e r e  c a lc u la t e d  a s  w e l l ,  f r o m
e q u a t io n s  ( 1 7 )  a n d  ( 1 8 )  ( T a b l e  1 6 -a ).
Ic2 =  kb T /h  e x p  - [A H ^ / R T ]  e x p  [A S f y R ]  ( 1 7 ) ” *  , A H t = E a- R T  ( 1 8 )
^  kb= Boltzmann constant= 1.380* 10"23 J IC1, R=8.314 J IC1, h= Planck’s constant^ 6.626* 10‘34 J*s, T= 
temperature in Kelvin
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T a b l e  14. G C  m o n it o r in g  o f  th e  r e a c t io n  o f  4 - p h e n y lb u t -1-e n e  w i t h  m a le ic  a n h y d r id e  at 
v a r io u s  t e m p e ra tu re s . [e n e ]o =  0.21 m o l  k g '1, [ M A ] o =  1 .9 8  m o i k g '1, 
[q u in o l ]o ~  0 .0 0 8 1  m o l  k g '1, [ T C B ] o =  4 .3  m o l  k g "  . R e l .  P e a k  A r e a  is th e  
m e a s u r e d  p e a k  a r e a  f o r  th e  a lk e n e  r e la t iv e  to  that o f  T C B
T = 1 6 0 ° C R u n  1
t/h R e l.  P e a k  A r e a
0 0 .1 2 3
0.1 0 .1 1 4
0 .5 0 .112
1 0 .111
1.5 0 .1 0 9
2 0.101
2 .5 0 .1 0 4
3 0 .0 9 8
4 0 .0 9 2
4 .5 0 .0 9 2
5 0 .0 9 4
T = 1 6 0  ° C R u n  2
t/h R e l .  P e a k  A r e a
0 0 .1 4 1
0 .5 0 .1 1 7
1 0 .121
1.5 0 .1 1 6
2 0 .1 1 5
2 .5 0 .1 0 3
3 0 .1 0 7
3 .5 0 .0 9 9
4 0 .1 0 7
4 .5 0 .0 9 1
5 0 .0 9 8
T = 1 7 0  ° C R u n  1
t/h R e l.  P e a k  A r e a
0.0 0 .1 5 6
0.1 0 .1 5 4
0 .3 0 .1 4 1
0 .7 0 .1 3 8
1.0 0 .1 3 2
1.3 0 .1 1 5
1.7 0.121
2.0 0 .1 0 8
2 .3 0.120
2 .7 0 .1 0 9
3 .0 0 .1 1 4
3 .3 0 .1 1 3
3 .7 0 .1 0 5
4 .0 0 .0 8 7
T = 1 7 0  ° C R u n  2
t/h R e l .  P e a k  A r e a
0 0 .1 4 1
0.1 0 .1 3 6
0 .5 0.120
1 0 .1 2 6
1.5 0 .1 1 9
2 0.120
2 .5 0.102
3 0 .1 0 4
3 .5 0 .1 0 3
4 0 .0 9 9
4 .5 0 .0 9 1
5 .5 0 .0 8 8
6 0 .0 9 0
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T a b l e  14  c o n t in u e d .
T = 1 8 0  ° C R u n  1
t/h R e l.  P e a k  A r e a
0 0 .1 8 9
0.1 0 .1 4 7
0 .3 0 .1 5 3
0 .7 0 .1 4 8
1.0 0 .1 4 9
1.3 0 .1 4 6
1.7 0 .1 1 8
2.0 0 .1 1 7
2 .3 0 .1 2 3
2 .7 0 .1 2 8
3 .0 0 .1 1 5
T = 1 9 0  ° C R u n  1
t/h R e l.  P e a k  A r e a
0 0 .1 0 8
0.1 0 .1 0 7
0 .5 0 .0 8 2
1 0 .0 8 1
1.5 0 .0 7 0
2 0 .0 7 3
2 .5 0 .0 7 3
3 0 .0 5 9
3 .5 0 .0 5 5
4 0 .0 4 8
4 .5 0 .0 3 7
5 0 .0 3 7
T = T 8 0  ° C R u n  2
t/h R e l.  P e a k  A r e a
0 0 .1 6 1
0.1 0 .1 4 4
0.3 0 .1 4 1
0 .7 0 .1 4 3
1.0 0 .1 3 9
1.3 0.110
1.7 0 .112
2.0 0 .1 0 7
2 .3 0.110
2 .7 0 .0 9 2
3 .0 0 .0 9 5
3 .3 0 .0 8 4
3 .7 0 .0 8 1
4 .0 0 .0 8 6
4 .3 0 .0 8 1
4 .7 0 .0 7 9
5 .0 0 .0 8 0
T - 1 9 0  ° C R u n  2
t/h R e l .  P e a k  A r e a
0 0 .1 4 2
0 .5 0.112
1 0 .111
1.5 0 .0 8 7
2 0 .0 8 7
2 .5 0 .0 7 4
3 0 .0 7 3
3 .5 0 .0 6 1
4 0 .0 4 9
4 .5 0 .0 5 8
5 0 .0 4 6
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Figure 14. Plots of Relative Peak Areaeno vs. time for the reactions of 4-phenylbut-l-ene with MA, 
[ene]0= 0.21 moffkg'1, [MA]0= 1.98 mol*kg‘!, [quinol]0= 0.0081 mol kg'1, [TCB]0= 4.3 
m ol*kg'\ Inset Fig.: Plots of In (Relative Area^e) vs. time
T = 1 6 0 ° C  ( R u n  2 )
0 1 8 0
0 1 6 0
0 1 4 0
TO 0 1 2 0
k 0 1 0 0
ra 0 0 8 0
O . 0 0 6 0
at
O ' 0 0 4 0
0 0 2 0
0 0 0 0
o .0
as ao as
1 .0 2 . 0  t/h 3 . 0 4 .0 5 .0
T = 1 7 0  ° C  ( R u n  1 )
0.1 60 
0 .140 
0.120 
0.100 
0. 080  
0 . 060  
0 . 040  
0.020 
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Figure 14 Continued.
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T a b l e  15. V a lu e s  o f  k 0bS, k 2 a n d  th e  a v e r a g e  v a lu e  o f  k 2 c a lc u la t e d  in  th e
te m p e ra tu re s  r a n g e  1 6 0 -1 9 0 °  C . [e n e ]o =  0 .2 1  m o l * k g " 1, [ M A j o ^  1 .98
m o l * k g '1, [q u in o l ]o =  0 .0 0 8 1  m o l * k g -1, [ T C B ] o = 4 . 3  m o l * k g  .
T kobs k 2 k 2 ( a v e r a g e ) S td . D e v .  in  k 2
( ° C ) ( 10"5 s e c '1) ( 10°  s"1 k g  m o l '1) ( 10°  s'1 k g  m o l '1)
160 1 .67 0 .8 4 0.88 ± 0 .0 6
1 60 1.83 0 .9 2
1 70 3 1.51 1 .2 9 ± 0 .3 1
170 2 .1 7 1 .0 7
1 8 0 3 .5 1 .85 2 .0 6 ± 0 .3 0
1 8 0 4 .5 2 .2 7
1 9 0 5 .5 2 .8 5 2 .8 9 ± 0 . 0 6
1 9 0 5 .8 3 2 .9 3
T a b l e  1 6 -a . ln  ( l O 5* / ^ )  c a lc u la t e d  in  th e  t e m p e ra tu re s  r a n g e  1 6 0 -1 9 0 °  C .  E a, A H 1 a n d  
A S + v a lu e s .
T  ( K ) 1/T l n ( 105* £ 2) E a ( k j  m o l '1) A H 1" (k J ^ m o l '1) A S  r (J + m o l^ K * 1)
4 3 3 0 .0 0 2 3 0 9 -1 1 .6 4 1 6 7 .3  ±  0.3 6 3 .7 -1 9 7
4 4 3 0 .0 0 2 2 5 7 -1 1 .2 5 8 6 3 .6 -1 9 8
4 5 3 0 .0 0 2 2 0 7 -1 0 .7 9 0 6 3 .5 -1 9 7
4 6 3 0 .0 0 2 1 5 9 -1 0 .4 5 2 6 3 .4 ■ CO
m e a n 6 3 .5  ±  0 .3 - 1 9 8 ±  1
Figure 15. Plot of ln (105*/c2) vs. 1/T
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T h e  p lo t  o f  In  k 2 vs . 1/T is  s h o w n  a n d  E a is  d e r iv e d  f r o m  its s lo p e  a c c o r d in g  to  e q n  (1 1 ) .  
F o r  e a c h  d a ta  p o in t  ( k 2, T )  A H 1^ w a s  c a lc u la t e d  a c c o r d in g  to  e q n  ( 1 8 )  a n d  A S 1" a c c o r d in g  
t o  e q n  (1 7 ) .  T h e  a p p a re n t  g o o d  c o r r e la t io n  ( r 2= 0 .9 9 7 )  a n d  th e  re su lta n t  l o w  s ta n d a rd  
d e v ia t io n  in  th e  s lo p e  a n d  E a, A H + a n d  A S 1 is  d u e  t o  th e  u s e  o f  a v e r a g e  k 2 p o in ts . I f  
o r ig in a l  p o in t s  a r e  in c lu d e d , th e  s ta n d a rd  d e v ia t io n  in  E a (w h ic h ,  in  th is  c a s e  is  = 6 7 .4 8  
kJ m o l* 1)  is  0 .7 8  k J  m o l '1, in  A H + is  0 .7 8  k J  m o l*1 a n d  A S + is  1.8 J m o r t C 1. T h e s e  
s ta n d a rd  d e v ia t io n  v a lu e s  a r e  m o re  re p re se n ta t iv e .
T h e s e  v a lu e s  a r e  d i f f e r e n t  f r o m  t h o s e  o f  D w y e r  f o r  h e x - 1-e n e  a n d  o c t -1 -e n e  a lth o u g h  
th e  1 80  ° C  v a lu e  u s in g  e x c e s s  o f  e n e  ( H P L C )  ( k 2~ 0  9  10 '5 s'1 k g  m o l*1)  is  c lo s e  to  
D w y e r 's  a n d  th is  m a y  r e f le c t  th e  fa c t  th a t  th e  e x c e s s  e n e  c o n d it io n s  a r e  c lo s e r  to  
D w y e r ’ s.
F o r  th e  r e a c t io n  b e t w e e n  e q u im o la r  o f  m a le ic  a n h y d r id e  w i t h  a l k - l - e n e  at 175  ° C  th e  
f o l l o w i n g  v a lu e s  w e r e  d e te rm in e d  ( T a b l e  1 6 -b )  b y  h im .
T a b l e  1 6 -b  k 2, E a, A H f a n d  A S + v a lu e s  o f  a l k - l - e n e  at 175  ° C . 7
a lk e n e s T  ( ° C ) k 2 E a A H f A S +
( 10'5 s*1 k g  m o l '1) (k J  m o l '1) (k J ^ m o l"1) (J *  m o r t c ' 1)
H e x - 1-e n e 175 0 .9 4 9 0  ± 3 . 0 86 -1 5 2  ±  4 .4
O c t - 1-e n e 175 0 .9 5 9 0  ± 3 . 0 86 -1 5 2  ±  4 .4
It  a p p e a r s  th a t 4 - p h e n y lb u t - l - e n e  (e s t im a te d  c a  1 .5 0  10'5 s"1 k g  m o l ’1 at 175  ° C )  s e e m s  
a lm o s t  t w ic e  a s  fa s t  a s  t h o s e  a l k - l - e n e s ,  a l th o u g h  d i f f e r e n c e s  in  c o n d it io n s  ( T C B  vs .
1 ,2 - o r  1 ,4 -d ic h lo r o b e n z e n e  o r  n it r o b e n z e n e , 1 0 - f o ld  M A  v s . e q u im o la l )  m a y  a c c o u n t  
f o r  th is .
3 .2 .2  2 ,4 -d im e t h y l - 4 ~ p h e n y I p e n t “ l - e n e
3 .2 .2 .1  N M R  m o n i t o r i n g  o f  e q u i m o l a r  r e a c t i o n  o f  2 , 4 - d im e t h y l - 4 - p h e n y l p e n t - l - e n e  w i th  
M A
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S c h e m e  11
T h e  r e a c t io n  b e t w e e n  th e  e n e , 2 ,4 -d im e t h y l -4 -p h e n y lp e n t -1 -e n e  ( 4 a )  a n d  th e  e n o p h i le ,  
M A  ( 6)  (S c h e m e  1 1 ) w a s  r u n  at T =  1 9 7 ° C ,  f o r  o n e  d a y  u s in g  th e  a m o u n t s  in  T a b l e  17. 
A f t e r  4 .5  h o u r s  it y ie ld e d  a  1 H - N M R  s p e c t r u m  (F i g u r e  1 6 ) s h o w in g  s ig n i f ic a n t  
d e p le t io n  o f  m a le ic  a n h y d r id e ,  b u t  a ls o  s ig n i f ic a n t  u n r e a c t e d  a lk e n e . F u r t h e rm o r e ,  p e a k s  
a t t r ib u ta b le  to  a n  a d d u c t  p r o d u c t  in  th e  r e g io n  2 .6 -3 .1  p p m  w e r e  s m a l l  c o n s id e r in g  th e  
o b v io u s  lo s s  o f  m a le ic  a n h y d r id e .  B y  2 4  h o u r s  (F i g u r e  1 7 ),  th e  a n h y d r id e  h a d  
d is a p p e a r e d ,  a l t h o u g h  a lk e n e  r e m a in e d ,  a n d  th e  n e w  p e a k s  in  th e  2 .6 -3 .1  r e g io n  h a d  
in c r e a s e d  s l ig h t ly ;  in  a d d it io n , fu r th e r  n e w  p e a k s  w e r e  o b s e r v e d  in  th e  1 .4 -1.8 a n d  th e
2 .3 -2 .6  p p m  r e g io n s .  N o  fu r th e r  c h a n g e  w a s  o b s e r v e d  u p  to  th re e  d a y s ,  a l t h o u g h  a l l  
p e a k s  h a d  b r o a d e n e d .
I t  is  c l e a r  f r o m  th is  e x p e r im e n t  th a t  m a le ic  a n h y d r id e  is  b e in g  d e p le t e d  m o r e  r a p id ly  
th a n  a lk e n e  u n d e r  th e se  c o n d it io n s ,  a n d  th a t  th e  b u i ld -u p  o f  a d d u c t  is n o t  c o m m e n s u r a t e  
w it h  th e  lo s s  o f  th e  a n h y d r id e .  A t  fir s t  s ig h t  th is  m a y  b e  a t t r ib u ta b le  t o  lo s s  o f  m a le ic  
a n h y d r id e  f r o m  th e  s y s te m , e ith e r  b y  e v a p o r a t io n  o r  b y  s e l f - r e a c t io n  (p o ly m e r i s a t io n ).8 
H o w e v e r ,  o n  fu r th e r  c o n s id e r a t io n ,  th is  s e e m s  u n lik e ly .  F ir s t ly , n o  c o n d e n s a t io n  o f  
m a le ic  a n h y d r id e  in  th e  c o n d e n s e r  w a s  o b s e r v e d ,  n o r  w a s  p o ly m e r  d e te c t e d , e ith e r  a s  
p re c ip it a t e  o r  in  th e  N M R  s p e c t ru m . S e c o n d ly ,  th e  e a r l ie r  e n e  r e a c t io n  o f  4 - p h e n y l b u t - l -  
e n e  p r o c e e d e d  to  g iv e  a  g o o d  c o n v e r s io n  t o  a d d u c t  ( v i d e  s u p r a ) ,  b u t  o v e r  a  t im e  s c a le  
s e v e r a l  t im e s  s l o w e r  th a n  th e  la tte r  v a lu e  ( e . g .  8 4  h , k 0bs = 1 .3 4  x  10"5 s e c '1) .  C le a r ly ,  th e  
ra te  o f  e v a p o r a t io n  a n d / o r  p o ly m e r i s a t io n  o f  M A  m u s t  b e  s ig n i f i c a n t ly  s l o w e r  th a n  th is , 
a n d  t h e r e fo r e  s l o w e r  th a n  th e  ra te  o f  lo s s  o f  m a le ic  a n h y d r id e  o b s e r v e d  in  th e  p r e s e n c e  
o f  2 ,4 -d im e t h y l - 4 -p h e n y lp e n t - l - e n e  ( 4 a ) .  T h is  m e a n s  th a t  th e  m a le ic  a n h y d r id e  m u s t  b e
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re a c t in g  w i t h  th e  a lk e n e . It  is  p o s s ib le  th a t th e  l o w  le v e l  o f  a d d u c t  o b s e r v e d  in  th e  N M R  
sp e c tru m , c o u p le d  w i t h  e v id e n c e  o f  u n r e a c t e d  a lk e n e  (n o  a lk e n e  r e m a in s  w h e n  th e  
r e a c t io n  is  c a r r ie d  o u t  e x c e s s  a n h y d r id e ,  v id e  i n f r a )  is  d u e  to  d e g r a d a t io n  o f  th e  a d d u c t ,  
p o s s ib ly  i n v o lv in g  fu r th e r  r e a c t io n  w i t h  a n h y d r id e .
T a b l e  17: R e a c t io n  q u a n t it ie s  f o r  th e  N M R  m o n it o r in g  at 1 9 7 °  C .
S ta r t in g  m a te r ia ls W t / g m m o le s m o le s / k g
T C B 0 .7 9 4 .3 6 4 .5 2
2 ,4 -d im e t h y l4 -p h e n y lp e n t -1 -e n e 0.11 0 .6 3 0 .61
M A 0 .0 5 9 0 .6 0 4 0 .5 9
q u in o l 0 .0 0 4 9 0 .0 4 5 0 .0 4 4
Figure 16. ’H -NM R  o f  the crude reaction mixture after 4.5 hours for the N M R  monitoring at 197 °C.
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Figure 17. 'H-NMR o f the reaction mixture after 1 day for the NMR monitoring at 197° C
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Despite the lack of observable product in the equimolar NMR experiment, the reaction 
between 2,4-dimethyl-4-phenylpent-1 -ene and maleic anhydride under conditions of 
1:10 mole/mole MA: ene, was analysed by HPLC using the same instrument and 
method as for the ene reaction between MA and 4-phenylbut-1-ene (section 3.2.1.3.).
The reaction was run three times (Table 18-20 each at different reagent concentrations). 
The first one was at 164 °C and was mainly an attempt to determine appropriate HPLC 
conditions to use with this alkene and to confirm the rapid loss of MA seen by NMR 
under equimolar conditions. Samples were collected the reaction vessel, at t=0, 15, 30 
and 60 mins. The reaction was then repeated at 180 °C monitoring every 5 minutes for 
90 minutes, and then a third reaction was carried out sampling every minute for 21 
minutes. Following the same procedure adopted for the previous alkene, in all the three 
runs the Rel. Peak Area (= AreaMA/ AreaTCB ) and its natural logarithm were calculated 
for each sample (Table 21a), using 1,2,4-trichlorobenzene as internal standard. No 
significant variation in [ene] was observed over the monitoring time. The values were 
plotted (see Figure 18) and the pseudo first order kQbS for MA loss was derived from the 
slope of y = -C - k0bs* t.
3.2.2.2 Pseudo first order ‘excess ene ’ method (A)
Table 18: Reaction quantities for experiment at T - 164 °C.
Starting materials Wt/g mmoles moles/kg
TCB 2.68 14.82 4.67
2,4-dimethyl-4-phenylpent-1 -ene 0.46 2.66 0.84
MA 0.028 0.29 0.091
quinol 0.0018 0.016 0.0052
Table 19: Reaction quantities for experiment at T= 180 °C (Run 1).
Starting materials Wt/g mmoles moles/kg
TCB 0.581 3.21 5.11
2,4-dimethyl-4-phenylpent-1 -ene 0.042 0.24 0.38
MA 0.0026 0.027 0.042
quinol 0.0016 0.015 0.023
Table 20: Reaction quantities for experiment at T= 180 °C (Run 2).
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Starting materials Wt/g mmoles moles/kg
TCB 1.74 9.64 4.45
2,4-dimethyl4-pheny lpent-1 -ene 0.404 2.32 1.07
MA 0.023 0.23 0.11
quinol 0.0089 0.081 0.037
Table 21: HPLC monitoring of the reaction of 2,4-dimethyl-4-phenylpent-l-ene with 
maleic anhydride at 164 and 180 °C. Rel. Peak Area is the measured peak 
area for the MA relative to that of TCB.
T= 180°C (Run 2) [enel= 1.07 moPkg1
t Rel. Peak Area
0 0.064
1 0.071
2 0.069
3 0.075
4 0.058
5 0.065
6 0.051
8 0.054
9 0.062
10 0.054
11 0.065
12 0.059
13 0.050
14 0.051
15 0.047
16 0.050
21 0.035
T= 164 °C [ene]= 0.84 moffkg*1
t/mins Rel. Peak Area
0 0.030694
15 0.013624
30 0.012355
60 0.000104
T= 180 0 C (Run 1) [ene]= 0.38 mol*kg"1
t/mins Rel. Peak Area
0 0.0623
5 0.0146
10 0.0103
15 0.0096
20 0.0078
25 0.0038
30 0.0018
35 0.0013
40 0.0017
60 0.003
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Figure 18. Plot of the Relative Peak AreaMA vs. t for the reaction of M A with2,4-dimethyl-4- 
phenylpent-l-ene. Inset Fig: Plots of In (Relative AreaMA) vs. time
T= 164 °C
T= 180°C (Run 1)
T= 180°C (Run 2)
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Comments
The value of k0bS at 180 °C (Run 2) is 42.8* 10"5 sec"1 giving k2 = 39.9* 10"5 s’1 kg mol"1. 
The HPLC monitoring gave some problems such as very poor reproducibility of data 
which led to a lot of scattering in the plot of Rel. Peak AreaMA vs. time.
Furthermore, when injected, each sample required a long time before all the reactants 
were eluted (-60 mins). Therefore it was decided to try GC monitoring. However, the 
result confirms that loss of MA is significantly faster than for 4-phenyIbut-1 -ene (k2 
(la) ca 2.1 x 10"5 s"1 kg mol"1 vs. k2 (4a) ca 40 x 10"5 s"1 kg mol"1) under similar 
conditions.
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As a preliminary, an NMR monitoring under conditions of excess MA (using 
approximately the same relative amounts as in Table 22), gave the spectrum of Figure 
19. Peaks attributable to the adduct were clearly identified (among those of the excess 
alkene) at 3.02 (m, H3), 2.9 ppm (dd, H4frawj), 2.48 ppm (dd, H4crs). Consideration of 
the new alkene peak at 4.8 shows either a doublet or two broad singlets. While 
integration suggests 2H, it is not clear. A semiquantitative analysis of peak heights 
indicated ca 40% conversion of the ene to adduct after 120 minutes at 180 °C.
3.2.2.3 Pseudo first order ‘excess M A ’ method (B )
Figure 19. 'H-NMR spectrum of the crude 2,4-dime1hyl~4-phenylpent-1 -ene (4a) and M A (6) reaction 
mixture after 120 minutes at 180 °C. [MA]= 1.81 mol * kg*1, [ene]= 0.22 mol * kg'1.
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The same instrument, a Perkin Elmer 8500, as used for the 4-phenylbut-1-ene was 
employed. An injection of the t=0 reaction mixture is shown in Figure 20.
2.25
4 .Si
b ll
+ 63
Figure 20. GC of the reaction mixture at t=0 with [MA]= 1.81 moFkg'1. [ene]= 0.22 mol*kg4, 
[TCB]= 4.33 mol*kg'1, [quinol] = 0.01 mol*kg'\
The reaction (see Table 22 for typical amounts) was run at different temperatures and 
for each one the monitoring was duplicated. Generally, samples were collected every 20 
mins for 1.5 hours. For all the runs the Rel. Peak Area (= Areaene/AreaTCB ) and the ln 
(Rel. Peak Area) vy. time were calculated (Table 23 a and b) and plotted on a graph (see 
Figure 21). From the latter the k0bs values were derived and k2-  Kbs /[MA]o = was 
calculated for all the analyses (Table 24). Then all the k2 values were plotted on a graph 
vs. 1/T (Figure 22) and the thermodynamic parameters were calculated (see Tables 25).
Table 22: Reaction quantities (all T)
Starting materials Wt/g mmoles moles/kg
TCB 2.2 12.3 4.33
2,4-dimethyl-4-phenylpent-1 -ene 0.089 0.53 0.183
MA 0.50 5.1 1.83
quinol 0.0041 0.037 0.013
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Table 23 a. GC monitoring of the reaction of 2,4-dimethyl-4-phenylpent-1 -ene with 
maleic anhydride at various temperature. [ene]= 0.183 moPkg'1, [MA]= 1.83 
mol*kg'1 Rel. Peak Area is the measured peak area for the alkene relative to 
that of TCB.
T 171°C Run 1
t /mins Rel. Peak Area
0 0.068
5 0.060
10 0.059
20 0.055
30 0.051
40 0.051
50 0.047
60 0.047
70 0.042
80 0.039
90 0.041
T 171°C Run 2
t /mins Rel. Peak Area
0 0.071
5 0.069
10 0.066
20 0.063
30 0.058
40 0.051
50 0.047
60 0.043
70 0.039
80 0.034
90 0.035
T 180 °C Run 1
t /mins Rel. Peak Area
0 0.060
3 0.053
6 0.053
12 0.049
15 0.050
18 0.048
21 0.046
24 0.048
27 0.046
30 0.045
40 0.040
T 190 °C Run 1
t /mins Rel. Peak Area
0 0.047
5 0.046
10 0.042
20 0.037
30 0.033
40 0.028
50 0.026
60 0.022
70 0.022
80 0.020
90 0.016
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T 190 °C Run 2
t /mins Rel. Peak Area
0 0.043
5 0.043
10 0.040
20 0.035
30 0.033
40 0.029
50 0.027
60 0.024
70 0.021
80 0.019
90 0.017
T 180 °C Run 2
t /mins Rel. Peak Area
0 0.052
5 0.049
20 0.044
40 0.038
60 0.034
80 0.030
100 0.026
120 0.024
140 0.021
160 0.019
180 0.017
240 0.013
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Figure 21. Plot of the Rel. Peak Area^e vs. t for the reaction of M A with 2,4-dimethyl-4-phenylpent- 
1-ene, [ene]= 0.183 mol*kg'1, [MA]= 1.83 mol*kg'\ Inset Fig: Plot of In (Rel. Peak Areaene) 
vs. time.
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0 .0 6 0
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1 0 .040Ph
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Pi 0 .0 20
0.0 10
0 .0 0 0
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0 40  - 
0 30  - 
020 
010 
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1 0.04
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Figure 21 continued.
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0.0 4 5
s' 0 .040§’—' 0 .035
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A ‘comparison reaction’ was monitored at 175 °C for 90 minutes (Figure 22) by using 
two alkenes 2,4-dimethyl-4-phenylpent-1 -ene (4a) and 2,4-dimethyl-4-(4-fluoro- 
phenyl)pent-l-ene (5a) (equimolar) with excess of MA under the same conditions as 
the previous ones (see Table 22, with [ene] = [ 2,4-dimethy 1-4-phenylpent-1 -ene]0= 
0.10 moPkg'1). Below, in Table 23 b the data for this are reported.
Table 23 b. GC monitoring of the reaction of 2,4-dimethyl-4-phenylpent-l-ene with 
maleic anhydride in the presence of 2,4-dimethyl-4-(4~fluorophenyl)pent- 
1-ene at 175 °C. [2,4-dimethyl-4-phenyipent-l-ene]o= 0.10 moffkg'1; [2,4- 
dimethyl-4-(4-fluorophenyl)pent-l-ene]o = 0.10 mobkg'1; [MA]= 1.83 
mol*kg'1. Rel. Peak Area is the measured peak area for 2,4-dimethyl-4- 
phenylpent-l-ene relative to that of TCB.
t /mins Rel. Peak Area
0 0.0125
5 0.0114
10 0.0108
20 0.0082
30 0.0071
50 0.0072
60 0.0070
80 0.0064
90 0.0067
Figure 22. Plot of the Relative Peak Areaeno vs. t for the reaction of M A with 2,4-dimeihyl-4- 
phenylpent-l-ene in the precence of 2,4-dimethyl-4-(4-fluorophenyl)pent-l-ene at 175 °C. 
[2,4-dimethyl-4- phenylpent-l-ene]0= 0.10 mol*kg_1; [2,4-dimethyl-4-(4-fluorophenyJ.)pent- 
l-ene]0= 0.10 mol*kg‘!; [MA]= 1.83 mol*kg'1. Inset Fig: Plot o f ln (Relative Peak Areaene) 
vs. time
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Table 24. Values of kQbs, k2 and the average value of k2 calculated in the 
temperatures range 171-190° C. [ene]= 0.183 mol* kg'1, [MA]= 1.83 mol* 
kg'1, [TCB]= 4.33 moUkg'1, [quinol] = 0.01 mol*kg'\
T kobs k2 k2 (average) Std. Dev. in k2
(PC) (10'5 sec"1) (10° s'1 kg mol"1) (IO'5 s*1 kg mol'1)
171 9.16 4.9 5.7 ±0.8
12.5 6.6
175 11.3** 5.9 5.9
180 11.7 6.7 6.5 ±0.3
10.2 6.2
190 19.0 10.5 10.0 ±0.5
17.3 9.6
Table 25. In (lO5*^ ) calculated in the temperature range 171-190 °C, Ea, AH*, AS* 
values.
T (K) 1/T In (105*fo) Ea (kJ mol'1) AH* (kJ*mol'1) AS* (J*mol"1IC1)
444 0.00225 -9.772 52.2± 1.4 48.5 -220
448 0.00223 -9.738 48.5 -221
453 0.00221 -9.641 48.4 -221
463 0.00216 -9.210 48.3 -220
mean 48.4 ± 1.4 -221± 3
Figure 23. Plot of In (105*fe) vs. 1/T
501 ‘Comparison run’. See Table 23b and Figure 22.
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Comments
Method B (excess of MA, GC analysis) gave better data rather than method A as was 
found for the previous alkene 4-phenylbut-l-ene. An attempt at T=200 °C was tried 
under the same conditions applied to all the other runs, but it failed; this time it was 
impossible to calculate k2 because of the rapid loss of MA.
By comparison with the k2 values found by the excess ene, HPLC monitoring, k2 here is 
smaller by a factor of ca 5.
By comparison with the k2 values for the 4-phenylbut-l-ene (la) (e.g. k2 = 2.06 10'5 s'1 
kg mol’1 at 180 °C) it appears that the 2,4-dimethyl-4-phenylpent-l-ene (4a) is ca 3 
times faster (k2 = 6.5 10'5 s"1 kg mol'1).
Furthermore considering the Arrhenius parameters for alkene (4a), it is clearly evident 
that AH* is significantly lower and AS* more negative compared to those for 4- 
phenylbut-l-ene (la).
Comparing these values with the ones for other alk-l-enes, such as hex-1 -ene (e.g. k2 =
0.94 10'5 s"1 kg mof1 at 175 °C) and oct-l-ene (e.g. k2 = 0.95 10'5 s'1 kg mof1 at 175 °C) 
studied by Dwyer at 175°C, the 2,4-dimethyl-4-phenylpent -l-ene (4a) seems to be ca 8 
times faster.
In the monitoring of equimolar reaction by NMR there was a problem of very little 
adduct formation, but evidence that it must be reaction of MA with ene was found in 
the fact that almost all ene is consumed when there is excess of MA runs (GC 
monitoring).
3.2.3 2,4-dimethyl-4-(4-fluorophenyl)pent-l-ene
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3.2.3.1 Pseudo first order ‘excess ene1 method (A)
Although the method of ‘excess MA’ and GC monitoring had been shown to work well 
for 4-phenylbut-l-ene and 2,4-dimethyl-4-phenylpent~l-ene, the ‘excess ene’ with 
HPLC monitoring was tried anyway.
The ene reaction between 2,4-dimethyl-4-(4-fluorophenyl)pent-l-ene (5a) and MA (6) 
(Scheme 12) was monitored by HPLC using the same instrument and kinetic method 
used for the reaction between MA and 2,4-dimethyl-4-phenylpent-l-ene (see section 
3.2.2) and the same conditions (including excess of ene) (Table 26).
The reaction was monitored by HDPLC for 2 hours and samples were collected at t= 0, 
15, 30, 60. Unfortunately, this time it was almost impossible to calculate the AreaMA/ 
AreaTCB because of the presence of too many peaks in the chromatogram, these were 
overlapping the MA peak making it very difficult to estimate its decrease (see Figure 
24). Therefore in this case it was not possible to obtain a rate constant.
Table 26: Reaction quantities at T= 180° C
Starting materials Wt/g mmoles moles/ kg
TCB 0.98 5.44 4.38
2,4-dimethyl-4-(4-fluorophenyl)pent-1 -ene 0.24 1.27 1.02
MA 0.013 0.13 0.10
quinol 0.001 0.0091 0.01
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Figure 24. HPLC of reaction mixture at t=o showing its complexity
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Since the HPLC monitoring was not suitable for this kinetic analysis, a GC monitoring 
of the ene reaction was tried to see if results could be improved. As before, a 
preliminary NMR monitoring showed evidence of the adduct (peaks at 3.09 (H3), 2.95 
(H4), 2.55 (H4)) but also some impurities (Figure 25).
3.2.3.2 Pseudo first order ‘excess MA ’ method (B)
Figure 25. -NMR spectrum of the crude 2,4-dimethyl-4-(4~fluorophenyl)pent-l~ene and MA reaction 
mixture after ca 120 mins at 180 °C. [ene]- 0.20 mol*kg , [MA]== 1.88 mol*kg'\
Importantly, the ‘alkene’ region of the spectrum shows only one set of product peaks 
(4.83, 4.78 ppm) in addition to small unreacted alkene peaks (4.80, 4.53 ppm). The fact 
that 2 signals are seen identified the product as the expected adduct (10) rather than an 
isomer.
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The 2,4-dimethyl-4-(4-fluorophenyl)pent-1 -ene was injected alone to check its retention 
time compared to the other starting materials, as shown in the chromatogram of the 
reaction mixture at t-0 (see Figure 26). All the reactants were eluted at different times 
and well separated.
Figure 26. GC chromatogram of reaction mixture at t=0 for Run 2 at 190 °C. Peaks are due to GC 
solvent MeCN (1.50), M A (2.65), TCB (7.31) and 2,4-dimethyl-4-(4-fluorophenyl)pent-l-ene 
(8.78).
Therefore, the kinetic analysis was carried out by GC, using the same instalment, 
Perkin Elmer 8500, as for the previous two alkenes. The reaction (see Table 27 for 
conditions) was run at different temperatures generally for 1.5-2 hours and samples 
were collected every 10 minutes. The Rel. Peak Area (= Areaene/AreaTCB) and the ln 
(Rel. Peak Area) were calculated for all the reactions (Table 28) and plotted on a graph 
vs. time (see Figure 27). From the latter the k0bs was derived and k2 was calculated for all 
the analyses (Table 29). Then the k2 values were plotted on a graph vs. 1/Temperature 
(Fig. 28) and a calculation of the thermodynamic parameters was made (see Tables 30).
Table 27: Reaction quantities.
Starting materials Wt/g mmoles moles/kg
TCB 2.15 11.88 4.35
2,4-dimethyl-4-(4-fluorophenyl)pent-1 -ene 0.103 0.54 0.197
MA 0.504 5.14 1.88
quinol 0.006 0.055 0.0198
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Table 28. GC monitoring of the reaction of 2,4-dimethyl-4-(4-fluorophenyl)pent-l-ene 
with maleic anhydride at various temperatures, [enejo- 0.197 mol*kg'1, 
[MA]o= 1.88 moUkg'1
T 160 °C Run 2
t/mins Rel. Peak Area
0 0.101
10 0.089
20 0.078
30 0.082
40 0.071
50 0.070
60 0.073
70 0.067
80 0.068
90 0.062
T 160°C Run 1
t/mins Rel. Peak Area
0 0.098
10 0.098
20 0.092
30 0.083
40 0.078
50 0.078
60 0.078
70 0.075
80 0.070
90 0.065
Q©o
t/mins Rel. Peak Area
0 0.060
5 0.053
1 0 0.u44
2 0 0.046
30 0 044
40 0.028
50 0.029 |
60 0.026
70 0.028
80 0 . 0 2 2
90 0 . 0 2 1
n o 0.019
1 2 0 0 . 0 2 0
T 175 °C
t/mins Rel. Peak Area
0 0.083
10 0.061
20 0.060
30 0.055
40 0.047 !
50 0.047
60 0.047
70 0.045
80 0.045
90 0.042
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T 180°C Run 1
t/mins Rel. Peak Area
0 0.112
5 0.097
10 0.097
20 0.080
30 0.085
40 0.063
50 0.064
60 0.058
70 0.055
80 0.058
90 0.048
100 0.048
110 0.043
120 0.035
T 190 °C Run 1
t/mins Rel. Peak Area
0 0.086
5 0.069
10 0.057
20 0.055
30 0.045
40 0.052
50 0.037
60 0.039
70 0.041
80 0.037
90 0.030
T 180 °C Run 2
t/mins Rel. Peak Area
0 0.112
5 0.111
10 0.091
20 0.076
30 0.075
40 0.066
50 0.057
60 0.060
70 0.058
80 0.050
90 0.040
T 190°C Run 2
t/mins Rel. Peak A'ea
0 0.077
5 0.071
10 0.065
20 0.057
30 0.052
40 0.037
50 0.038
60 0.034
70 0.030
80 0.027
90 0.027
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Figure 27. Plot of the Rel. Peak Area«no vs. t for the reaction of MA with 2,4-dimethyl-4-(4- 
fluorophenyl)pent-l-ene. [ene]0= 0.197 moPkg'1, [MA]0= 1.88 mol*kg'1. Inset Fig: Plot of ln 
(Relative Peak A rea^ ) vs. time
T 160 °C (Run 1)
T 160 °C (Run 2)
T 175 °C
T 170 °C
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Figure 27 continued.
0.100
0.090
0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010
0.000
T 190 °C (Run 1)
T 190 °C (Run 2)
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Table 29. Values of k0bs, k2 and the average value of k2 calculated in the 
temperatures range 160-190° C. [ene]o= 0.197 mol kg’1, [MA]o "  1.88
morfkg'1, [TCB]= 4.35 mol *kg'\ [quinol] = 0.02 mol *kg' .
T fcobs k2 average k2 Std. Dev. in k2
(°C) (10° sec'1) (10*5 s'1 kg mol'1) (10'5 s*1 kg mol'1)
160 7.33 3.92 3.96 ± 0.4
160 7.50 4.00
175 11.20“ 6.11 6.11
180 13.80 7.47 8.00 ±0.5
180 16.70 8.53
185 15.30 7.80
190 22.00 11.76
Table 30. In (105*/t2) calculated in the temperatures range 160-190° C, Ea, AHf and AS* 
values.
T (K) 1/T In (105*/t2) Ea (kJ mol'1) AH* (kPmol'1) AS* (HmoUK'1)
433 0.00231 -10.137 53.5 ± 1.7 49.9 -229
443 0.00226 -9.703 49.9 -228
453 0.00221 -9.433 49.8 -228
458 0.00218 -9.459 49.7 -230
463 0.00216 -9.048 49.7 -228
mean 49.8± 1.7 -229± 4
Figure 28. Plot of In (105*/c2) vs. 1/T
^  ‘Comparisonrun’. See section 3.2.2.3
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Comments
By comparison with the rate constant for 4-phenylbut-1-ene (e.g. k2 = 2. 06 10° s_1kg 
mol'1 at 180 °C) it appears that alkene (5a) is ca 4 times faster than the 4-phenylbut-1- 
ene, while it has almost the same reactivity than the 2,4-dimethyl-4-phenylpent-l-ene 
(e.g. k2-  6.50 10'5 s'1 kg mol'1 at 180 °C).
Comparing its rate constant values with the alk-l-enes at 175 °C (e.g. k2 = 0.94 10'5 s'1 
kg mol'1 for hex-l-ene and k2~ 0.95 10'5 s'1 kg mol"1 for oct-l-ene),7 it seems to be ca 8 
times faster.
It is clear that the reactivity of the alkenes 4a and 5a is significantly higher than that of 
4-phenylbut-1-ene (la).
3.2.4 2-methyI-4-phenylbut“l-eiie
3.2.4.1 NMR monitoring of equimolar reaction of 2-methyl-4-phenylbut-l -ene with MA
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Scheme 13
The reaction between the ene, 2-methyl-4-phenylbutl-ene (2a) and the enophile (6), 
MA (Scheme 13) was run at T= 200° C, for three days using the amounts in Table 31. 
However after 3 hours no clear evidence of adduct could be seen (Figure 29).
Table 31: Reaction quantities for NMR monitoring at 200 °C
Starting Materials Wt/g mmoles moles/kg
TCB 0.79 4.36 3.81
2-methyl-4-phenylbutene 0.21 1.42 1.24
MA 0.14 1.42 1.24
quinol 0.008 0.07 0.07
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Figure 28. ’H-NMR o f the crude mixture after 3 hours for the NMR monitoring at 200 °C.
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The GC monitoring had hitherto proved to be most suitable technique for the kinetic 
analysis of the ene reaction because of the better reproducibility of data and the shorter 
analysis. Besides, an approach using a deficiency of alkene was better for the alkenes 
not commercially available. Therefore, the same approach used to investigate the 
kinetics o f the reaction between the previous alkenes and MA was applied for the ene 
reaction between 2-methyl-4-phenylbut-1 -ene (2a) and MA (Scheme 13), using the 
amounts in Table 32. Also for this reaction the chromatogram appeared to be clean with 
peaks well separated (see Figure 30). The reaction was run at three different 
temperatures generally for 1.5-2 hours and samples were collected every 20 minutes. 
The Rel. Peak Area (=Areaene/AreaTCB) and the ln (Rel. Peak Area) were calculated for 
all the reactions (Table 33) and plotted vs. time (see Figure 31). From the latter the k0bs 
values were derived and k2 values were calculated for all (Table 34). Then k2 values 
were plotted vs. 1/T (Figure 32) and a calculation of the thermodynamic parameters was 
attempted (see Tables 35).
3.2.4.2 Pseudo first order 'excess MA ’ method (B)
f ...... - — —
-
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Figure 29. GC of starting material at t=0 o f the reaction mixture.
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Table 32: Reaction quantities
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Starting materials Wt/g mmoles moles/kg
TCB 2.19 12,10 4.35
2-methyl-4-pheny Ibut-1 -ene 0.078 0.53 0.19
MA 0.51 5.20 1.87
quinol 0.0061 0.0558 0.0201
Table 33. GC monitoring of the reaction of 2-methyl-4-phenylbut-l-ene with maleic 
anhydride at 162. 170 and 180 °C. [ene]= 0.19 moPkg’1, [MA]=1.87 mol* 
kg’1. Rel. Peak Area is the peak area for the alkene relative to that of TCB.
T 162 °C
t/ mins Rel. Peak Area
0 0.093
10 0.096
20 0.093
30 0.078
40 0.077
50 0.082
60 0.078
70 0.077
80 0.063
90 0.059
100 0.066
110 0.060
T 180 °C
t/mins Rel. Peak Area
0 0.045
10 0.039
20 0.029
30 0.027
40 0.023
50 0.017
60 0.017
70 0.013
80 0.014
90 0.006
100 0.007
110 0.006
120 0.009
T 170 °C
t / mins Rel. Peak Area
0 0.103
5 0.098
10 0.083
20 0.079
30 0.066
40 0.055
50 0.042
60 0.038
70 0.035
80 0.033
90 0.026
110 0.020
120 0.018
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Figure 30. Plots of the Relative Peak Areaena vs. t for the reaction of M A with 2-methyl-4-phenylbut-1 - 
ene (2a), [ene]= 0.19 moPkg'1, [MA]=1.87 moPkg1. Inset Fig: Plot of In (Relative Peak 
Areaeno) vs. time
T 162 °C
T 170 °C
T 180 °C
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Table 34. Values of k0bs and, k2 calculated in the temperatures range 162-180 °C.
[ene]= 0.19 mol *kg'1, [MA]=1.87 mol* kg'1 [quinol]o= 0.02 mol *kg'!, 
[TCB]0= 4.35 mol *kg'1.
T kobs k2
(°C) (10'5 sec'1) (10'5 s"1 kg mol'1)
162 7.33 3.80
170 24.67 12.93
180 28.00 15.50
Table 35. ln (105*/c2) calculated in the temperature range 162-180 °C, Ea, AH1, AS1" 
values.
T (K) 1/T (K'1) In (lO5*^ ) Ea (kJ * mol'1) AH1^ (kJ*mol'1) AS1 (J*mol'1K'1)
435 0.00230 -10.178 127.7± 7.4 121.1 -54
443 0.00226 -8.953 121.0 -49
453 0.00221 -8.772 121.0 -54
mean 121.0 ± 7.4 -53 ± 17
Figure 31. Plot of ln (lO5*/ )^ vs. 1/T
3 . 500  -|
3 . 000  -
2 . 500  -
2 . 000  -
o 1. 500 -
M
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0 . 500 -
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y = - 15002s  + 36.036 
R 3 = 0.8051
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Comments
Comparing the rate constants obtained for the 2-methyl-4-phenylbut-l-ene with those 
for the earlier alkenes 5a, 4a and la this one appears to be 2 times faster than 4a and 5a 
and 7 times faster than la.
Compared with the of the alk-l-enes studied by Dwyer7 2a seems to be 15 times faster. 
The scatter in the k2 values makes the activation parameters unreliable.
3.2.5 2-methyI-4-phenylpent-l-ene
3.2.5.1 NMR monitoring of equimolar reaction of 2-methyl-4-pheny[pent-1-ene with MA
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Scheme 14
The reaction between the ene, 2-methyl-4-phenylpent-l-ene (11) and the enophile, MA
(6) (Scheme 14) was run at T= 200° C, for three days using the amounts in Table 36.
The first sample was collected after 3 hours and analysed by ^HSUMR. Only some 
traces of the expected product (18) were visible (see Figure 33), but still much 
unreacted alkene relative to MA. Therefore the reaction was carried on for two more 
days, and analysed again on the third day (see Figure 34). The spectrum showed an 
almost complete loss of MA but still much unreacted alkene. There was no evidence of 
peaks due to the ene adduct (18).
Table 36: Reaction quantities for NMR monitoring at 200° C
Starting Materials Wt/g mmoles moles/kg
TCB 0.79 4.36 4.45
2-methyl-4-phenylbutene 0.078 0.49 0.50
MA 0.084 0.86 0.87
quinol 0.029 0.26 0.27
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Figure 32.
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’H-NMR of the crude mixture after 3 hours for the NMR monitoring
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Figure 3 3. ’H-NMR of the crude mixture after 3 days for the NMR monitoring.
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The ene reaction between 2-methyl-4-phenylpent-l-ene (3a) and MA (6) (see Scheme 
14) was monitored by GC under conditions of 10:1 excess of MA (Table 37). Again in 
this case all the reactants were eluted at different times and the peaks were well 
separated (see Figure 35).
The reaction was run a three different temperatures generally for 1.5 hours and samples 
were collected every 20 minutes. The Rel. Peak Area (= Area e^/ AreaxcB) and the In 
(Rel. Peak Area) were calculated for all the reactions (Table 38) and plotted vs. time 
(see Figure 36). From the latter the k0bs values were derived and k2 values were 
calculated for all (Table 39). Then all the k2 were plotted on a graph vs. 1/temperature 
(Figure 37) and a calculation of the thermodynamic parameters was attempted (see 
Tables 40).
r  ,    •
 -  3.U
3.2.5.2 Pseudo first order ‘excess MA ’ method (B)
15.43
Figure 34. GC of starting materials reaction mixture at t=0 relative to the run at 160 °C
Table 37 : Reaction quantities
Stalling materials Wt/g mmoles moles/kg
TCB 2.06 11.4 4.3
2,4-dimethyl4-phenylpent-1 -ene 0.078 0.49 0.18
MA 0.50 5.11 1.93
quinol 0.0065 0.059 0.022
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Table 38. GC monitoring of the reaction of 2-methy 1-4-phenyIpent-1 -ene with maleic 
anhydride at 160, 170 and 180 °C. [ene]= 0.18 moffkg'1, [MA]= 1.93 mol*kg' 
1 Rel. Peak Area is the measured peak area for the alkene relative to that of 
TCB.
T 170°C
t/mins Rel. Peak Area
0 0.074
5 0.069
10 0.060
20 0.047
30 0.042
40 0.036
50 0.031
60 0.026
70 0.024
80 0.022
90 0.018
T 160 °C
t/mins Rel. Peak Area
0 0.066
10 0.058
20 0.050
30 0.044
40 0.040
50 0.038
60 0.035
70 0.034
80 0.031
90 0.031
T 180°C
t / mins Rel. Peak Area
0 0.038
! 5 0.029
10 0.014
20 0.009
30 0.008
40 0.006
50 0.006
60 0.006
70 0.004
80 0.005
90 0.005
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Figure 35. Plots of the Relative Peak Area,^ vs. t for the reaction of M A with 2-methyl-4-phenylbut- 
1-ene. [ene]= 0.18 mol kg'1, [MA]= 1.93 mol kg'1. Inset Fig: Plot of ln (Relative Peak Areame 
) vs. time
T= 160 °C
T = 170 °C
T = 180 °C
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Table 39. Values of kQbS and, k2 calculated in the temperatures range 160-180° C.
[ene]o= 0.18 moUkg'1, [MA]o= 1.93 mol* kg'1, [quinol]o= 0.02 mol*kg1, 
[TCB]0= 4.30 mol*kg'\
T kobs k2
(°C) (10‘5 sec'1) (10'5 s'1 kg mol*1)
160 12.7 6.4
170 25.80 13.07
180 34.20 18.66
Table 40. In (105*&2) calculated in the temperature range 160-180 °C, Ea AH*, AS‘ 
values.
T (K) 1/T (K'1) In (10s*&2) Ea (kJ*morx) AH* (kJ*mof1) AS* (J*mol’1K'1)
433 0.00231 -9.657 87.5± 1.9 83.9 -135
443 0.00226 -8.943 83.8 -133
453 0.00221 -8.587 83.7 -135
mean 83.8± 1.9 -134± 4
Figure 36. Plot of In (105*ft2) vs. 1/T
Comments
2-methyl-4-phenylpent-l-ene appeared to have quite a similar reactivity to 2-met.hyI-4- 
phenylbut-l-ene, (slightly faster ca 1.3 times).
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3.2.6 PIBSA
3.2.6.1 NMR monitoring of equimolar reaction of PIB with MA
O
O
O
6a 6 7p tj
n = ca 9
Scheme 15
Poly isobutylene (PIB) (6a) is a polyalkene having, therefore, an alkane structure. The 
material used here was 85% vinylidene-terminated.
The same conditions used for the earlier or monitoring reactions of the alkenes were 
used here. The enophile MA (6), the ene PIB (6a) and the solvent 1,2,4-TCB, were 
mixed and kept under nitrogen and reflux, at 200° C for three days, in presence of 
quinol as radical inhibitor, (see amounts in Table 41). After 4 hours, the product was 
clearly evident comparing the ^-NMR spectrum of the crude reaction mixture (see 
Figure 38) with the NMR of PIB (see Figure 40).xxu In particular, a close multiplet at 
4.90 ppm can be assigned to the two alkenyl H3', (=CH2). In the aliphatic region the 
multiplet at 3.28 ppm is assigned to the H3; the signal at 3.01 ppm is a dd due to H4trans\ 
the H4C/S signal is at 2.70 ppm; two multiplets respectively at 2.76 and 2.33 ppm can be 
assigned to the two Hf by analogy to the previous furandiones. After 1 day the product 
peak had increased visibly (see Figure 39), but the mixture appeared very complex. On 
the other hand, after the second day of reaction, the spectrum showed very little 
improvement.
’H-NMR of PIB (7) 8(CDC13): 4.85 ppm (1H, bs, =CH); 4.65 ppm (1H, bs, =CH2); 2.01 ppm (2H, s, 
CH2-C=); 1.75 ppm (3H, s, =C-CH3).
Table 41: Reaction quantities for NMR monitoring at T= 200 °C
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Starting materials Wt/g mmoles moles/kg
TCB 2.25 12.43 2.40
PIB (MW= 550) 2.5 4.55 0.88
MA 0.398 4.06 0.78
quinol 0.036 0.33 0.06
Figure 37. ’H-NMR of the crude mixture after 4 hours; arrowed peaks are due to PIBSA (7);
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Figure 38. !H-NMR of the crude mixture after 1 day
JLL U J \
Figure 39. ^-NMRofPIB
CHAPTER 3 - 177-
The PIBSA reaction (Scheme 14) was monitored by HPLC, according to Method A (see 
methods in introduction -  paragraph 3.1). The pseudo first order method (see 
introduction), was used to calculate the rate constant; therefore the [MA] was set to 1/10 
of [ene] (Table 42) and its loss was monitored vs. time. In addition, some reactions were 
run by using a ratio [MA]: [ene] 1:2 (Table 43).
The PIBSA reaction was run at different temperatures and generally samples were taken 
every 10 minutes for 2 hours, though sometimes for 4 h (see Table 44). Samples were 
injected into the HPLC at least twice to ensure the accuracy of the data; then the Rel. 
Peak Area (=AreaMA/ AreaTCB) and the ln (Rel. Peak Area) was calculated (see Table 
45) and plotted (see Fig 41 and 42). The k0bS was obtained as slope of the graph 
according to the equation ln (AreaMA/ AreaTCB) = KbsJ - C . Then k0bs and k3 were 
calculated (Table 46 and 47) under both ratios ([ene]:[MA]).
3.2.6.2 Pseudo first order ‘excess ene* method (A)
Table 42. Reaction quantities ([MA] : [ene] = 1:10).
Starting materials Wt/g mmoles moles/kg
TCB 8.186 45.23 4.38
PEB 2.086 3.79 0.37
MA 0.039 0.39 0.038
quinol 0.014 0.13 0.013
Table 43. Reaction quantities ([MA] : [ene] =1:2).
Starting materials Wt/g mmoles moles/kg
TCB 24.18 133.59 4.36
PIB 5.84 10.62 0.35
MA 0.61 6.2 0. 202
quinol 0.034 0.31 0.0101
CHAPTER 3 - 178 -
Table 44. HPLC monitoring of reaction of PEB with maleic anhydride in the 
temperatures range 180-200° C. [ene]= 0.37 moUkg'1, [MA]= 0.038 mol*kg' 
\ Rel. Peak Area is the measured peak area for the MA relative to that of 
TCB.
T 180 °C Run 1
t/mins Rel. Peak Area
0 0.027
10 0.026
30 0.019
40 0.014
50 0.013
60 0.012
80 0.010
90 0.008
100 0.008
120 0.006
T 180 °C Run 2
t/mins Rel. Peak Area
0 0.017
10 0.015
20 0.010
30 0.009
40 0.010
50 0.008
60 0.006
70 0.005
80 0.005
90 0.004
100 0.003
110 0.003
120 0.003
T 190 °C Run 1
t/mins Rel. Peak Area
0 0.022
10 0.017
20 0.012
30 0.010
40 0.008
50 0.008
60 0.008
70 0.006
80 0.006
90 0.005
100 0.004
110 0.004
120 0.005
T 200 °C Run 1
t/mins Rel. Peak Area
0 0.020
10 0.014
20 0.018
30 0.012
40 0.009
50 0.010
60 0.004
70 0.003
80 0.002
90 0.002
100 0.002
110 0.002
120 0.002
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Table 44 continued.
T 200 °C Run 2
t Rel. Peak Area
0 0.021
10 0.018
20 0.011
30 0.009
40 0.007
50 0.007
60 0.007
70 0.006
80 0.007
100 0.008
110 0.007
120 0.007
T 200 °C Run 3
t Rel. Peak Area (MA)
0 0.021
10 0.020
20 0.011
30 0.009
40 0.005
50 0.003
60 0.002
70 0.002
80 0.002
90 0.002
100 0.001
110 0.001
120 0.001
Another two reaction were run at ISO™1 and 190XX1V °C under excess of ene, in the same 
ratio asthe above runs ([MAJ1/10 of [ene]) but using different reaction quantities.
T 180°C
t/mins Rel. Peak Area
0 0.032
10 0.027
20 0.027
30 0.022
40 0.022
50 0.024
T 190 °C
t Rel. Peak Area
0 0.041
10 0.034
20 0.026
30 0.029
40 0.016
50 0.027
60 0.021
70 0.022
80 0.020
90 0.021
100 0.017
110 0.020
120 0.019
xxm For this reaction the reactants concentrations were; [ene]0 =0.36 mol*kg"1, [MA]o=0.039 mol*kg*\ 
[TCB] =0.69 mol*kg1, [quinol] =0.0061 mol*kg1 
For this reaction the reactants concentrations were: [ene]0 =0.17 moffkg"1, [MA]o=0.017 moPkg"1, 
[TCB] =1.49 mol*kg'\ [quinol] =0.0031 mol*kg1
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Table 45. HPLC monitoring of reaction of PIB with maleic anhydride in the 
temperatures range 180-200° C. [ene]= 0.35 mol*kg-1, [MA]= 0.202 mol*kg'
l. Rel. Peak Area is the measured peak area for the MA relative to that of 
TCB.
T 190 °C Run l 1
t/mins Rel. Peak Area
0 0.130
20 0.118
40 0.100
60 0.089
80 0.084
100 0.081
120 0.060
140 0.052
160 0.060
180 0.056
200 0.049
220 0.045
240 0.039
T 190°C Run 2
t/mins Rel. Peak Area
0 0.156
10 0.142
20 0.129
30 0.118
40 0.109
50 0.122
60 0.098
70 0.103
80 0.089
90 0.100
100 0.057
110 0.048
120 0.036
A reaction was run at 180 °C under excess ene, in the same ratio as the previous two 
runs ([MA]l/2 of [ene]) but using different reaction quantities.
T 180 °C Run 1
t/ mins Rel. Peak Area
0 0.200
20 0.160
40 0.111
60 0.093
80 0.055
100 0.038
120 0.025
140 0.019
160 0.022
180 0.012
200 0.011
220 0.009
240 0.009
For this reaction the reactants concentrations were: [ene] = 0.36 mol* kg*1, [MA]0=0.18 mol*kg‘\ 
[TCB] =4.33 mol* kg*1, [quinol] = 0.016 mol*kg'J
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Figure 40. Plots of the Rel. Peak AreaMA vs. time for the reaction of MA with PIB. |ene]= 0.37 mol* 
kg'1, [MA]= 0. 038 mol* kg'1. Inset Fig: Plot of ln (Rel. Peak AreaMA) vs. time
T 180 °C (Run 1)
0.0 1 0 -i
it0 .0 1 6 -
0 .0 1 4 -
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0 .0 0 0
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0 . 0 2 5  n 
0.020 
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0.000
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Figure 41 continued.
0 . 0  2 5
0.02 0 T
0.015 
0.010 - 
0 . 0  0 5 -
0.000
2 0 4 0 8 0 1 0 0 1 2 0 1 4 0
T 200 °C (Run 2)
0 . 0  2 5 
0.0 2 0 - 
0.015 -
0.010 
0 . 0  0 5 -
0.000
t/m 2 i0 b
T 200 °C (Run 3)
T 180 °C (Run 2) (see f/n xxiii)
CHAPTER 3 - 183-
Figure 41. Plots of the Rel. Peak AreaMA vs. time for the reaction of M A with PIB. [ene]= 0.35 mol* 
kg'1, [MA]= 0. 202 mol* kg'1. Inset Fig: Plot of ln (Rel. Peak AreaMA) vs. time
T 180 °C (Run 1)
T 190 °C (Run 1)
T 190 °C (Run 2)
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Table 46. Values of k0bs, k2 and the average of / c^alculated in the temperatures range 
180-200 °C for the runs at the ratio [ene]: [MA] = 10: 1. [ene]= 0.37 
moPkg'1, [MA]= 0.038 moPkg"1, [TCB] = 4.38 mol *kg'1, [quinol= 0.013 
mol*kg-1,
T kobs k2 k2 (average) Std. Dev. in k2
<°C) (1 O'5 sec'1) (10'5 sec"1 mol kg'1) (10° sec'1 mol kg'1)
180 21 60 68 ± 8
180 25.8 76
190 29.5 84.3
200 47.3 145.2 155.2*™ ± 10
200 31.5 90
200 57.8 165.2
180^1 18.2 49.2
190xxvm 11 31.9
Table 47. Values of kQbs, k2 and the average of k2 calculated in the temperatures range 
180-190 °C for the runs at the ratio [ene]:[MA]= 2: 1. [ene]= 0.35 mol*kg"1, 
[MA]= 0.202 mol*kg_1, [TCB] = 4.36 mol *kg_1, [quinol= 0.0101 mol*kg-1.
T kobs k2 k2 (average) Std. Dev. in k2
(°C) (10"5 sec'1) (10'5 sec'1 mol kg'1) (10'5 sec'1 mol kg'1)
18QXX1X 23.5 65.3
190 8 24.2 40.3 ± 16
190 17 56.3
™\h2 value of Run 2 at T= 200 °C was not taken in account
xxv“ For this reaction the reactants concentrations were: [ene]0 =0.36 mol Kg'1, [MA]0=0.039 mol kg'1.
[TCB] =0.69 mol*kg'!, [quinol] =0.0061 moFkg'1 
xxvm For this reaction the reactants concentrations were: [ene]0=0.17 moRkg'1, [MA]0=0.017 mol*kg"\ 
[TCB] =1.49 moffkg'1, [quinol] =0.0031 mol*kg'!
J0UX For this reaction the reactants concentrations were: [ene] = 0.36 moffkg'1, ]MA]o=0.18 mo Dkg’1. 
[TCB] =4.33 mol*kg'1, [quinol] = 0.016 moffkg'1
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An attempt to investigate the kinetic of PIBSA reaction under condition of excess 
enophile MA, according to Method B (as explained in the introduction of this chapter, 
section 3.1) was tried.
The monitoring was attempted by both HPLC and GC, under exactly the same 
conditions used for the 4-phenylbut-l-ene (section 3.2.1.2 and 3).
HPLC monitoring
The reaction was monitored twice at 180° C (Table 48).
3.2.6.3 Pseudo firs order *excess MA * method B
Table 48. Reaction quantities
Starting materials Wt/g mmoles moles/kg
TCB 8.68 47.94 4.06
PIB 1.13 2.05 0.17
MA 1.99 20.30 1.72
quinol 0.01 0.09 0.01
Unfortunately the data were very difficult to analyze with a lot of scattering (see 
Table 49) and a very bad reproducibility.
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Table 49. HPLC monitoring of reaction of PIB with maleic anhydride at 180 °C.
[PIB]=0.17 moPkg'1 and [MA]=1.72 mobkg"1. Rel. Peak Area*** is the 
measured peak area for the MA relative to that of TCB.
T= 180° C Run 2
t/mins Rel. Peak Area
0 0.0043
5 0.0034
30 0.0028
60 0.0031
T= 180° C Run 1
t/mins Rel. Peak Area
0 0.0043
10 0.0043
20 0.0041
30 0.0040
40 0.0035
60 0.0036
100 0.0027
Figure 42. Plots of the Rel. Peak Areapm vs. time for the reaction of M A with PIB. [PIB]=0.17 mol* 
kg'1 and [MA]=1.72 mofekg'1. [Inset Fig: Plot of ln (Rel. Peak AreaMA) vs. time
m Area of peak relative to PIB vs. Area of TCB peak, A.= 256 nm
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The rate constants for both runs were calculated (Table 50):
Table 50. Values of kQbS, k2 and the average calculated at 180° C. [ene]= 0.17 
moPkg"1, [MA]= 1.72 mol*kg'1, [TCB]= 4.06 moDkg'1, [quinol]= 0.01 
moUkg"1
T kobs k2 k2 (average)
CC) (10"5 sec*1) (10"5 sec^moUkg) (10° sec^moUkg)
180 7.83 4.58 4.46 ±0.12
180 7.5 4.34
GC monitoring
The GC attempt failed to give good data. The chromatogram showed too many peaks 
in the region where the ene, PIB, is eluted.
Comment
The data obtained for ratio [MA]: [ene] = 1:10 are quite fair; as expected, they 
increase with the temperature. On the other hand the k2 and the average k2 values 
obtained with the ratio [MA]: [ene] = 2:1 are quite poor and they showed a drop with 
temperature increase. This latter result suggests a possible decomposition of PIB at 
higher temperature. However the ene product formation was clearly evident from the 
NMR spectrum.
The k2 (excess ene) at 180 °C (ca 65*10'5 s'1 kg mol'1) is similar to that for the 2,4,- 
dimethyl-4-phenylpent-l-ene (k2 at 180 °C ca 40*10'5 s'1 kg mol"1) obtained with this 
method. Furthermore, as with the earlier compound the change to excess MA 
conditions causes a drop in k2 to ca 4*10"5 sec'1 moUkg.
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3.3.1 Materials
Maleic anhydride, 4-phenylbut-1-ene, 1,2,4-trichlorobenzene, dichlorobenzene, 
quinol, hexane, methanol, acetonitrile, ethyl acetate and toluene were from the 
Aldrich Chemical Co. and were used as supplied. Palladium acetate and tri (o-toly) 
phosphine were from Lancaster. Polyisibutylene -Glissopal 500- was from Lubrizol. 
2-methyl-4-phenylbut-1 -ene, 2-methy 1-4-phenylpent-1 -ene, 2,4-dimethyl-4-
phenylpent-l-ene, 2,4-dimethyl-4-(4-fluorophenyl)pent-l-ene, were prepared in the 
laboratory of the University of Surrey.
3.3.2 Equipment
^-NMR spectra were recorded on a Bruker AC 300 MHz spectrometer operating at 
MHz 75.47 for C-NMR; CDCI3 was used as solvent and the chemical shifts are given 
in 5 with tetramethylsilane (TMS) as an internal standard reference.
IR spectra were determined on a Perkin Elmer, system 2000 FT-IR, spectrometer. 
Vacuum distillation of the products was performed by the use of the same equipment 
used for the simple distillation plus a closed-end manometer to measure the pressure 
(vacuum). A trap was placed between the manometer and the pump and an oil-bath or 
a heating mantle was used as heating sources and an internal mercuric thermometer 
indicated the boiling points.
Purification of products was also performed by silica gel (Fluka 60) column 
chromatography.
The HPLC monitoring-analysis were run by using an isocratic pump T-414 Uvicon 
735 LC Spectra Physics and a Phenomenex C18 reverse phase; while the GC 
chromatograms were obtained by a Pye Unicam PU 4550 Philips instrument and by 
chrompack 8500 GC Perkin-Elmer with a CPWAX 57 CB 60 x 0.25 mm Column.
3 .3  E x p e r im e n t a l  P r o c e d u r e
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The ene (4 mmol) and the enophile (4 mmol), were dissolved in 1,2,4- 
trichlorobenzene (11 mmol) under stirring and nitrogen atmosphere bubbler in the 
presence of quinol (0.2 mmol) as radical inhibitor. The mixture was stirred and heated 
at a temperature which has been varied, in the range = 170-200°C for a period of time 
varying from a minimum of 24 h to a maximum of 6 days.
Usually, the first sample was collected after 4 hours and analysed by 1 H-NMR.
In the case of 4-phenylbut-l-ene a variety of different techniques were used to purify 
and isolate the ene-adduct.
Column chromatography:
This involved Si02 as the stationary phase while hexane-dichloromethane, Ethyl 
acetate and methanol were used as mobile phase. Although TCB, MA, 4-phenylbut-l- 
ene were eluted, no adduct did.
Vacuum distillation:
Vacuum distillation yielded a preliminary fraction of solvent and unreacted starting 
materials. For this technique, the same equipment used for the simple distillation was 
adopted. The only difference, was the use of a closed-end manometer to measure the 
pressure (which had been varied between 40 and 50 mm Hg). Firstly a heating mantle 
was used as source of heat and its temperature was increased to 90°C, where the 
solvent was distilled. Then a bunsen burner was used, and when the ene and MA were 
distilled, a temperature of 180°C was reached. !H-NMR was used to analyse each 
fraction, but only solvent, MA and alkene were obtained.
3.3.3 ‘Preparative reaction of 4-phenylbut-l-ene with M A ’
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Sublimation:
This technique was used to try to collect the product present in the tar-mixture. The 
sublimator was linked to a vacuum source (the same which was used for the vacuum 
distillation, a water aspirator -  P=25 mm). Again an oil bath was used as a heating 
source (the temperature was increased up 180°C), but no product resulted, probably 
due to charring.
Extraction with Hexane:
The crude mixture was treated with hexane (~30 ml), then it was left refluxing for a 
half an hour (T~80°C) and before being separated from the black residue. The same 
procedure was repeated, while the liquid sample was left to see if some precipitate 
could be formed. Nothing was observed so that it was concentrated to ~ 5 ml and then 
re-dissolved with less than 1 ml of DCM and a few drops of hexane were added until 
the mixture became cloudy. Then it was left in the freezer for a couple of hours, 
where it formed an oil-layer in the bottom of the flask. However its ^-NMR showed 
the main product at ~ 58%.
GC:
GC was tried but gave no clear separation.
HPLC:
HPLC was found to be a good technique to separate the two isomers. Unfortunately it 
was difficult to isolate and collect E and Z as two different fractions. Firstly, because 
of their similar retention time. Secondly, because some side-reaction occurred in each 
sample after few days, perhaps a reaction between HF and the starting materials to 
open to di-acid.
CHAPTER 3 - 191 -
Hydrolysis:
In the hope that the di-acid analogues would be easier to separate the sample was 
hydrolysed. Hydrolysis (1. aq NaOH, 2. aq HC1), followed by filtration gave the 
expected white solid . The residue ~ 300 mg as an E/Z mixture, was dissolved in a 
basic solution of aq NaOH. Then -20 drops of conc. HC1 (37%, 10 M) were added, 
carefully to yield a precipitate over -  3 h. The solid formed a dispersion in the aqueous 
solution. It was filtrated and analysed by ^-NMR, but it was still present as an E/Z 
mixture.
Reaction catalysed by Palladium:
An attempt to run the ene reaction with a catalyst was tried as it follows. The ene (4 
mmol) and the enophile (4 mmol), were dissolved in 1,2,4-trichlorobenzene (11 
mmol) and Palladium acetate (0.2 mmol) and tri (o-toly) phosphine (0.4 mmol), were 
added as catalyst. The mixture was stirred and heated at a temperature = 60°C for 3 
days. Then the crude material was analysed by ^-NMR and no trace of the product
(7) was found. Probably this catalyst does not work in these conditions.
Ene Reaction in pressure tube:
The ene reaction between 4-phenylbut-l-ene and MA was run in a pressure tube 
under the following conditions: the ene (3.7 mmol), the enophile (4.1 mmol) and 
quinol (0.3 mmol) were dissolved in 1,2,4-trichlorobenzene (24 mmol) and heated at 
200 °C for a few hours. It gave only traces of the expected ene-adduct; while after 7 
days it yielded 43% of product. Furthermore the ^-NMR spectrum showed the 
reaction crude mixture freer from the tarry residue than the reaction run in normal 
laboratory equipment.
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3.3.4 Preliminary Kinetics Analysis using equimolar reagents and an external 
standard.
Maleic anhydride (2.92 g, 30 mmoles), 4-phenylbut-l-ene (4.25 g, 32 mmoles), 
quinol (0.15 g, 1.3 mmoles), 1,2,4-trichlorobenzene (15 g, 83 mmoles), were placed in 
a round bottomed flask fitted with a condenser. The reaction vessel was flushed with 
nitrogen and the mixture was stirred and was rapidly and (within ca 15 minutes) 
heated to 190°± 10°C. Aliquots were removed by Pasteur pipette at t= 0, 4, 8, 12, 24, 
28, 32, 36, 48, 52, 56, 60, 72, 76,80, 84 h5454341 and a typical analysis procedure is as it 
follows.
Sampling e.g. at t= 0, 27.9 mg of the reaction-mixture were poured into a sample-tube 
pre-weighed and including 13.2 mg of DCB (l,2dichorobenzene), used as an external 
standard. The new mixture was diluted with 3 ml of methanol or acetonitrile and 20 pi 
of it were injected into the EOPLC instrument and analysed by measuring the ratio of 
the ene, MA and TCB peaks compared to DCB. All the samples were injected several 
times until the data were reproducible (error < 5%). The same procedure was repeated 
for each subsequent sample (mixture weight-12 mg, standard-weight~6 mg). The Rel. 
Peak Area (=Areareactant/AreaDCB) were plotted against time.
XXX1 The total weight removed was ca 225 mg, which constitutes ca 8% of the original total weight
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Maleic anhydride (0.03 g, 0.3 mmoles), alkene (2 g),xxx“ quinol (0.006g, 0.05 
mmoles), 1,2,4-trichlorobenzene (8 g, 44 mmoles), were placed in a round bottomed 
flask fitted with a condenser. The reaction vessel was flushed with nitrogen and the 
mixture was stirred and was rapidly, within ca 15 minutes heated. The analysis was 
extended to a range of temperatures between 160-200 ± 2 °C. Aliquots, tipically 0.2- 
0.5 ml were removed by Pasteur pipette at suitable time intervals. They were then 
diluted in ca 1 ml of acetonitrile and analysed by HPLC under the following 
conditions:
Column = 250 * 4.6 mm
Sphereclone = 5 p ODS 1 (7% Carbon load)
Pore-size = 80 A
Surface area = 200 m2/g
Solvent: = 70% methanol - 30% water;
X = 240 nm
Flow-rate = 0.80 ml * min _1
Sample-size = 20 pi
TCB was used as internal standard, so that, , the Rel. Peak Area (=AreaMA/AreaTCB) 
was calculated (see Tables in results section). Each sample was injected several times 
(~6/7) to ensure the accuracy of the data. Then, the average was calculated. The 
values of k0bs were calculated as in the results section.
3.3.5 Pseudo first order ‘excess ene’ method (A )
xxxu the moles depend on the alkene used for the monitoring (according to their different MW)
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Maleic anhydride (2 g, 20 mmoles), alkene (0.03),xxxm quinol (0.006g, 0.05 mmoles), 
1,2,4-trichlorobenzene (8 g, 44 mmoles), were placed in a round bottomed flask fitted 
with a condenser. The reaction vessel was flushed with nitrogen and the mixture was 
stirred and was rapidly within ca 15 minutes heated. The reaction was run at different 
temperatures generally between 160-190 ± 2 °C and for each one the monitoring was 
repeated. Aliquots, typically 10-20 pi, were removed by Pasteur pipette generally 
every 20 mins for 1.5-3 hours. They were diluted in acetonitrile (typically 2 ml) and 
analysed by GC, using a chrompack 8500 GC Perkin-Elmer under the following 
conditions:
Column = CPWAX 57 CB 60 x 0.25 mm
Solvent: = Acetonitrile
Sample-size = 0.5 pi
T: Column 50°C up to 130°C 10° min"1; injector =250°C; detector =250°C 
TCB was used as internal standard (see previous page).
3.3.6 Pseudo first order ‘excess M A 5 method (B )
XXX1U the moles depend on the alkene used for the monitoring (according to their different MW)
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C H A P T E R  4: C O M P U T E R  M O D E L IN G
4.1 Introduction
Computational chemistry allows modelling of aspects of chemistry by calculation. Its 
dramatic growth over the past decade is due not only to the advances in computer 
hardware but also to many advantages such as the reduced cost (and waste!) and 
increased safety compared to the experimental-laboratory approach; faster results can be 
achieved with a better accuracy especially for small systems. Last but not least, it allows 
one to visualise and therefore to improve the chemical understanding of the molecules. 
Calculations, in particular molecular mechanics calculations and quantum chemical 
calculations, play a multiple role in modern chemistry. Behind the increased usage of 
calculations is the evolution of theories underlying calculations that have reached such a 
stage that they can now be applied to ‘real systems’ .
In fact the origins of computational chemistry can be based on a few fundamental 
historical discoveries such as in 1913 when Bohr with his quantized model accurately 
predicted the one-electron spectra of H, He+, Li2+; in 1924 de Broglie introduced the 
hypothesis of wave-particle duality followed in 1926 by Schroedinger wave equation 
and in 1930 the publication of the Hartree-Fock equation.
4.1.1 Molecular mechanics calculations
Traditionally molecular mechanics calculations have been employed to supply 
information about structures, relative stabilities of isolated molecules and to establish 
molecular equilibrium geometries and conformations.
Molecular mechanics1 describes molecules in term o f ‘connected atoms’, and molecular 
geometry in terms of distortions from ‘ideal’ bond distances, bond angles and dihedral 
angles, together with non-bonded van der Waals and Coulombic interactions. Behind it 
there is a basic premise of the high degree of transferability of geometrical parameters 
from one molecule to another, as well as predictable dependence of the parameters on 
atomic hybridisation.
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Here the ‘energy’ of a molecule is described in terms of a sum of contributions arising 
from ‘ideal’ bond distances (stretch contributions), bond angles (bend contributions) 
and dihedral angles (torsion contributions), together with contributions due to ‘non­
bonded’ (van der Waals, and Coulombic) interactions:
bonds bond angles dihedral angles nonbonded atoms
jrjtotal _  g  stretch _|_ jg  bend_j_ g  torsion^ j y g  g  nonbonded
the first three summations in (eqn. 1) are over all ‘bond’, ail ‘bonds angles’ and all 
‘dihedral angles’, respectively, while the last summation is over all pairs of atoms which 
are not bonded.
4.1.2 Quantum chemical calculations
They are much more demanding then the first ones and only recently, with the 
availability of fast computer and efficient graphics-based programs, they have begun to 
be widely applied to supply thermochemical and kinetic data. They can also furnish 
information about mechanisms and product distributions of chemical reactions, either 
directly by calculations on transition states, or indirectly by modeling the steric and 
electronic demands of reactants.
These calculations are based on quantum mechanics,2 which describes molecules in 
term of interactions among nuclei and electrons, and molecular geometry in terms of 
minimum energy arrangements of nuclei. All the quantum mechanical methods refer to 
the Schodinger equation which general form (eqn 2) relative to a multinuclear and 
multi-electron system can be expressed as:
HT = ET (2)
Where T  is a many-electron wavefiinction and H is the Hamiltonian operator; the latter 
is a sum of five terms (eqn 3); the first two describe, the kinetic energy of the nuclei, A, 
and the electrons, a, while the last three describe Coulumbic interactions between 
particles.
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nuclei electrons nuclei electrons nuclei electrons
H = -h2 £ 1 V2a - h2 Z V2. - e2 Z S Z * - e 2 Z Z ZAZE + e2 Z Z 1 (3)
o _ 2  A  M o _ 2  a A a r  A  >  B HR. a >b  r
oTC a  A a  AE! ab
Since the many-electron Schroedinger equation can not be solved exactly, some 
approximations have been introduced to provide practical methods.
4.1.2.1 Born-Oppenheimer
One of these is the Born-Oppenheimer which assumes that the nuclei do not move 
leading to an ‘electronic Schroedinger equation’ (eqn 4). The term describing the 
nuclear kinetic energy is missing and the nuclear-nuclear Coulomb term is a constant, 
therefore added to the electronic energy Eel to yield the total energy E, in the system.
A el electrons nuclei electrons electrons
H = -h2 Z V2a - e2 Z Z Za + e2 Z Z I  (4)
,2^, a A  a r  a >b8 n m A a  ab
4.1.2.2 Hartree-Fock
Another approximation, Hartree-Fock or single-determinant wavefunction was 
introduced to solve the equation for more than one electron. It involves a separation of 
electron motions in many-electron systems, into a product form of the motions of 
individual electrons. Therefore they are treated as independent particles and are 
assigned in pairs to functions called Molecular Orbital.
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4.1.Z3LCAO
Linear combination of atomic orbital, approximates the unknown Hartree-Fock 
wavefunction (molecular orbitals) by linear combinations of atom-centred functions 
(atomic orbitals) known as basis functions (j> (eqn 5).
basis functions
TT ~  Ec^itJvi (5)
v
It leads to the Roothaan-Hall equations, which are a set of equations describing the best 
Hartree-Fock within the LCAO approximation. Methods resulting from solution of the 
Roothaan-Hall equations are called Hartree-Fock or ab initio models.
These models separate the electron motions in many-electron systems into a product 
form of motions of individual electrons independent from each other. Because of this, 
electrons ‘get in each others way’ to a greater extent than they should. This leads to 
overestimation of the electron-electron repulsion energy and to too high a total energy. 
The ab initio method uses basis sets of Gaussian-type functions for calculations: they 
are closely related to exact solutions of the hydrogen atom. There are several series of 
Gaussian basis sets among which the most used are minimal (STO-3G) and split- 
valence (3-21G, 6-31G and 6-311G) representations.
Semi-empirical molecular orbitals models are the simplest quantum chemical 
techniques, following directly from Hartree-Fock models. They are able to provide 
geometries of non-equilibrium structures (transition states) as well as thermochemical 
and kinetic data. They treat valence electrons only, while electrons associated with the 
‘ inner shells’ are considered to be part of a ‘fixed core’ . The basis set, in this case, is 
restricted to a minimal representation.
4.2 Computational studies o f the ‘ ene* reaction
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Besides experimental study, pericyclic reactions have received a considerable 
theoretical modelling interest3 A theoretical study of the ‘ene’ reaction (a [1,5] 
intermolecular hydrogen shift) between propene and ethene, formaldehyde and maleic 
anhydride has compared the energetics and mechanisms calculated by different methods 
such as RHF, UHF, UMP 4
During the last few years, other ene reactions have been investigated by the 
computational method. For example the reaction between propene and maleimide,5 
where the ab initio HF/3-21G or 6-31 G* method for the geometry optimisation with 
MP2/6-31 G* for single point energy calculation gave an activation energy in close 
agreement with that found experimentally for the analogous maleic anhydride reaction.
The ene reaction of cyclopropene with ethene, propene and cyclopropene was studied as 
well using ab initio (RHF and MP) and DFT methods including CASSCF.6 For the 
dimerization of cyclopropene by an ene reaction (Scheme 1), the endo transition state is 
predicted to be stabilised by the secondary interaction between C-H and C=C. In some 
cases a degree of diradical character is suggested for this transition state, and the 
reaction pathway has been illustrated by use of a More O’Ferrall-Jencks diagram.
On the other hand, experimental results do not support a free radical process since the 
rate of dimerization is not effected by adding nitrobenzene or p-benzoquinone.
1 2 
Scheme 1
The ‘allylic 1,3-strain effect’ with relevance to the ene reaction, has also received a 
theoretical treatment,8 as well as the retro-ene reaction of methyl prop-2-ynyl ether. In 
this case semi-empirical (e.g AMI), ab initio (e.g. HF, MP2) and density functional 
(e.g. Becke3LYP) methods were used and they indicated a TS with the hydrogen lying 
equidistant between the two carbon atoms and an aromatic TS.9
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4.3 Spartan Pro
T h e r e  a r e  d i f f e r e n t  w e l l - k n o w n  c o m m e r c i a l  c o m p u t e r  p r o g r a m s  f o r  m o l e c u l a r  m o d e l i n g  
a n d  s t r u c t u r e  c a l c u l a t i o n :
F o r  e x a m p l e  t h e  ‘E l e c t r o n i c  M o l e c u l e  D r a w i n g  K i t ’ , w h i c h  c a l c u l a t e s  t h e  s t r u c t u r e  
u s i n g  s i m p l e  f o r c e  f i e l d  m e t h o d s s u c h  a s  t h e  S y m A p p  i n  c o n n e c t i o n  w i t h  
C h e m W i n d o w s  o r  C h e m O f f i c e  3 D .  T h e  ‘L o w - e n d ’ D e s k t o p - M o d e l i n g  P r o g r a m  s u c h  a s  
H y p e r c h e m  a n d  P C  S p a r t a n ,  w h i c h  a l l o w s  s e m i - e m p i r i c a l  a n d  a b  i n i t i o  c a l c u l a t i o n s ;  
a n d  a n o t h e r  o n e  i s  t h e  ‘H i g h - E n d  M o d e l i n g ,  s u c h  a s  G o s s i p  9 4 ,  w h i c h  i s  u s e d  m o s t l y  
f o r  U n i x .
P C  S p a r t a n  P r o  ( C o p y r i g h t  b y  W a v e f u n c t i o n ,  I n c . )  w a s  t h e  o n e  c h o s e n  f o r  t h e  s t u d y  o f  
t h e  e n e  r e a c t i o n  f o r  i t s  a b i l i t y  t o  c a r r y  o u t  i n d i v i d u a l  c a l c u l a t i o n s ,  a s  w e l l  a s  t o  p r o c e s s  
l a r g e  n u m b e r s  o f  c l o s e l y - r e l a t e d  c a l c u l a t i o n s  a s  m i g h t  b e  r e q u i r e d  t o  m a p  a  
c o n f o r m a t i o n a l  e n e r g y  p r o f i l e  o r  t o  f o r m u l a t e  a  p o t e n t i a l  e n e r g y  f u n c t i o n  o r  t o  s c r e e n  a  
s e t  o f  c o m p o u n d s  f o r  a  p a r t i c u l a r  p r o p e r t y  o r  s t r u c t u r a l  c h a r a c t e r i s t i c .  B e s i d e s  i t s  h i g h  
f u n c t i o n a l i t y  i t  i s  v e r y  s i m p l e  t o  u s e  a n d  i s d e s i g n e d  t o  r e d u c e  p o s s i b l e  e r r o r s  t h a t  m a y  
o c c u r  w i t h  t h e  p r e p a r a t i o n  o f  i n p u t ,  a n d  i t  a l s o  e a s i l y  g u i d e s  t h e  i n t e r p r e t a t i o n  o f  o u t p u t .  
S e m i -  E m p i r i c a l  m e t h o d s  a r e  s u p p o r t e d  i n  P C  S p a r t a n  w i t h  A M I 10 ( A u s t i n  M e t h o d )  a n d  
P M 3  ( P a r a m e r i z a t i o n  M e t h o d )  m o d e l s .11 H a r t r e e - F o c k  m o l e c u l a r  o r b i t a l  m e t h o d s  a r e  
h e r e  s u p p o r t e d  w i t h  S T O - 3 G ,  3 - 2 1 G ,  6 - 3 1 G  * ,  6 - 3 1 G  *  6 - 3 1 + G * ,  6 - 3 1 1 G *
b a s i s  s e t s .12
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4.4 Aim and objectives
T h e  e n e  r e a c t i o n  i s  a  p e r i c y c l i c  r e a c t i o n  a n d  c a n  b e  v i e w e d  a s  a n  i n t e r m o l e c u l a r
s i g m a t r o p i c  [ l , 5 ] - h y d r o g e n  s h i f t  o r  a  [ 2 7 c + ( 2 a , 2 7 i ) ]  c y c l o a d d i t i o n  ( S c h e m e  2 ) .
13
H  A
^ r 1
ene enophile
e n e  H O M O  
( 4  e s y s t e m  ) '
H .
e n o p h i l e  L U M O  
( 2  e -  s y s t e m  )
S c h e m e  2
S p a r t a n  P r o  w a s  u t i l i s e d  i n  t e r m s  o f  F r o n t i e r  M o l e c u l a r  O r b i t a l  t h e o r y ,  w h i c h  c o n s i d e r s  
t h e  e n e  r e a c t i o n  a s  a  c y c l o a d d i t i o n  w h e r e  t h e  H O M O  o f  t h e  e n e  r e a c t s  w i t h  t h e  L U M O  
o f  t h e  e n o p h i l e  s p e c i e s .  I n  F M O  t h e o r y  t h e  A E  b e t w e e n  t h e  H O M O e n e  a n d  L U M O e n 0 phiie 
g i v e s  a  r o u g h  g u i d e  t o  c o m p a r a t i v e  r e a c t i v i t y ,  t h e r e f o r e  it w a s  a t t e m p t e d  t o  i d e n t i f y  t h e  
i n t e r a c t i n g  o r b i t a l  f o r  b o t h  r e a c t a n t s  ( e n e  a n d  e n o p h i l e )  a n d  a t  t h e  s a m e  t i m e  t o  c a l c u l a t e  
t h e i r  e n e r g y  d i f f e r e n c e  i n  o r d e r  t o  e s t i m a t e  t h e  o r d e r  o f  r e a c t i v i t y .
T h e  a i m  w a s  t o  e x t e n d  t h i s  i n v e s t i g a t i o n  t o  t h e  e n e  r e a c t i o n  o f  a l l  t h e  m o d e l  a l k e n e s  
c h o s e n  f o r  t h i s  p r o j e c t  ( F i g u r e  1 ) ,  i n c l u d i n g  t h e  m o r e  s i m p l e  b u t - l - e n e  i n  o r d e r  t o  h e l p  
i n t e r p r e t  t h e  d a t a  o b t a i n e d  f o r  e a c h  o n e  o f  t h e m  d u r i n g  t h e  k i n e t i c  a n a l y s i s .
T h e  m o d e l l i n g  s t u d y  w a s  c a r r i e d  o u t  b y  u s i n g  f o r  a l l  t h e  c o m p o u n d s  (3-5,la-5a), t w o  
m e t h o d s :  H a r t r e e - F o c k  w i t h  t h e  3 - 2 1 G * ,  G a u s s i a n - t y p e  f u n c t i o n s ,  a n d  t h e  S e m i -  
E m p i r i c a l  w i t h  t h e  P M 3  m o d e l .
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Figure 1. Model alkenes (3-5, la-5a) and PIB (6a)
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4.5 Results
T h e  s t r a t e g y  f o r  t h e  c o m p u t a t i o n a l  i n v e s t i g a t i o n  w a s  f i r s t l y  t o  i d e n t i f y ,  f o r  a l l  t h e  
a l k e n e s  s e l e c t e d  f o r  t h e  k i n e t i c  a n a l y s i s ,  P I B  i n c l u d e d  ( s e e  F i g u r e  1 )  t h e  o r b i t a l s  o f  b o t h  
e n e  a n d  e n o p h i l e ,  t h a t  i n t e r a c t  d u r i n g  t h e  e n e  r e a c t i o n .  A c c o r d i n g  t o  t h e  s y m m e t r y  r u l e  
r e l a t e d  t o  t h e  F M O  t h e y  s h o u l d  b e  t h e  H O M O  o f  t h e  e n e  a n d  t h e  L U M O  f o r  t h e  
e n o p h i l e ,  i n  t h i s  c a s e  m a l e i c  a n h y d r i d e  ( s e e  S c h e m e  3 ) .  S e c o n d l y  t o  c a l c u l a t e  t h e  e n e r g y  
o f  t h e  o r b i t a l s  i n v o l v e d  i n  t h e  r e a c t i o n  a n d ,  f i n a l l y ,  t o  c a l c u l a t e  t h e  d i f f e r e n c e  i n  e n e r g y  
b e t w e e n  H O M O e n e  a n d  L U M O e n o P hiie ( A E ) .  B e f o r e  s t a r t i n g  t o  e x a m i n e  t h o s e  a l k e n e s ,  t h e  
s i m p l e  b u t - 1 - e n e  w a s  f i r s t  s u b m i t t e d  t o  t h e  m o d e l i n g  t o  c h e c k  t h e  i n f l u e n c e  o f  t h e  
p h e n y l  g r o u p  o n  t h e  e n e r g y  v a l u e  a n d  o n  t h e  s y m m e t r y  a n d  d e n s i t y  o f  t h e  o r b i t a l s .  
H o w e v e r  t h e  e n o p h i l e  M A  w a s  e x a m i n e d  f i r s t .
R R
1 ° interaction 2 °  interaction
S ch em e  3
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4 . 5 . 1  M a l e i c  A n y d h r i d e
T h e  e n o p h i l e  w a s  t h e  f i r s t  m o l e c u l e  t o  b e  a n a l y s e d  w i t h  b o t h  m e t h o d s .  A f t e r  b u i l d i n g  i t s  
s t r u c t u r e  t o  e n s u r e  a  s u i t a b l e  m o l e c u l a r  g e o m e t r y  a  p r e l i m i n a r y  s t r u c t u r e  r e f i n m e n t  w a s  
p e r f o r m e d  u s i n g  e m p i r i c a l  m o l e c u l a r  m e c h a n i c s  t e c h n i q u e s :  M M F F 9 4  w a s  h e r e  a p p l i e d  
a s  m o l e c u l a r  m e c h a n i c a l  m i n i m i z e r  t o  m i n i m i s e  t h e  s t r a i n  e n e r g y .
T h e  f i r s t  c a l c u l a t i o n  w h i c h  t h e  m o l e c u l e  w a s  s u b m i t t e d  t o  w a s  t o  t h e  ‘ e q u i l i b r i u m  
G e o m e t r y ’ w i t h  H a r t r e e - F o c k  3 - 2 1 G  a n d  S e m i - E m p i r i c a l  P M 3  m e t h o d s .  I n  t h e  S p a r t a n  
P r o  p a c k a g e  t h o s e  c a l c u l a t i o n s  e v e n t u a l l y  a p p e a r  i n  a  w i n d o w  c o n t a i n i n g  a  * t e x t  o u t ­
p u t ’ w h i c h  s t o r e s  i n f o r m a t i o n  s u c h  a s  b a s i s  s e t ,  n u m b e r  o f  e l e c t r o n s ,  c h a r g e  a n d  
m u l t i p l i c i t y ,  a s  w e l l  a s  f u r t h e r  d e t a i l s  o f  c a l c u l a t i o n  a s s o c i a t e d  t o  t h e  s e l e c t e d  m o l e c u l e  
( s e e  F i g u r e  2 ) .  I n  a d d i t i o n  t h e  t o t a l  e n e r g y  ( i n  a u ) ,  t h e  H O M O  a n d  L U M O  e n e r g i e s  ( i n  
a u )  a r e  d i s p l a y e d  i n  a n  o t h e r  d i a l o g  c a l l e d  ‘ M o l e c u l a r  P r o p e r t i e s ’ .
S e c o n d l y  t h e  m a l e i c  a n h y d r i d e  w a s  s u b m i t t e d  t o  a  g r a p h i c a l  d i s p l a y  o f  t h e  q u a n t i t i e s  
r e s u l t i n g  f r o m  t h e  p r e v i o u s  c a l c u l a t i o n s ,  i n c l u d i n g  t h e  m o l e c u l a r  o r b i t a l s  t h e m s e l v e s  
a n d  t h e  e l e c t r o n  d e n s i t y  ( F i g u r e  3 ) .  A d d i t i o n a l  o r b i t a l s  e . g  { H O M O - }  a n d  { L U M O + }  
w e r e  a l s o  d i s p l a y e d ,  a n d  t h e y  a r e  r e p r e s e n t e d  a s  a  s u r f a c e  o f  c o n s t a n t  v a l u e .  F r o m  a  
s p r e a d s h e e t ,  a s s o c i a t e d  w i t h  t h e  m o l e c u l e ,  e n e r g e t i c  i n f o r m a t i o n  ( E h o m o , E  l u m o ), a r e  
d i s p l a y e d .
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F i g u r e  3 .  M A  L U M O  H - F _ 3 - 2 1 G  o n  t h e  l e f t  a n d  its L U M O  S P  P M 3  o n  t h e  r i g h t .
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T h e  o u t p u t  v a l u e s  w e r e  e v e n t u a l l y  i n t e r p r e t a t e d  t o  i d e n t i f y  t h e  L U M O :
T h e  H a r t r e e - F o c k  m e t h o d  c o n s i d e r s  o r b i t a l s  I s ,  2 s  a n d  2 p  f o r  a l l  t h e  a t o m s  ( e x c e p t  H ) ,  
t h e r e f o r e  t h e r e  a r e  3 7  A O  a n d  5 0  e l e c t r o n s  a r e  i n v o l v e d .  F r o m  t h e  l i n e a r  c o m b i n a t i o n  o f  
t h o s e  A O  3 7  M O  a r e  f o r m e d  ( T a b l e  1 ) ,  a n d  t h e  5 0  e l e c t r o n s  f i l l  t h e  f i r s t  2 5  M O  
t h e r e f o r e  t h e  L U M O  c o r r e s p o n d s  t o  M O  n °  2 6 .
T a b l e  1 .  H - F  3 - 2 1 G  c a l c u l a t i o n  o f  A O  a n d  e l e c t r o n s  f o r  t h e  M A
H F  3 - 2 1 G A t o m i c  O r b i t a l  ( A O ) e l e c t r o n s
4  C : I s ,  2 s ,  2 p  x  3  =  2 0 4  x  6 =  2 4
3  O : I s ,  2 s ,  2 p  x  3  =  1 5 3  x  8=  2 4
2  H : I s  = 2 2 x 1 = 2
M o l e c u l a r  O r b i t a l s =  3 7 =  5 0
O n  t h e  o t h e r  h a n d ,  t h e  S E  P M 3  m e t h o d  c o n s i d e r s  o n l y  t h e  a t o m i c  o r b i t a l s  2 s  a n d  2 p ,  s o  
t h a t  f o r  t h e  m a l e i c  a n h y d r i d e  m o l e c u l e  t h e r e  a r e  3 0  A O  w i t h ,  i n  t o t a l ,  3 6  e l e c t r o n s  ( s e e  
T a b l e  2 ) .  F r o m  t h e  l i n e a r  c o m b i n a t i o n  o f  t h o s e  A O ,  3 0  M O  a r e  f o r m e d ,  a n d  t h e  3 6  
e l e c t r o n s  f i l l  t h e  f i r s t  1 8  M O  t h u s ,  i n  t h i s  c a s e ,  t h e  L U M O  c o r r e s p o n d s  t o  M O  n °  1 9 .
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T a b l e  2 .  S E  P M 3  c a l c u l a t i o n  o f  A O  a n d  e l e c t r o n s  f o r  t h e  M A
S E  P M 3 A t o m i c  O r b i t a l  ( A O ) e l e c t r o n s
4  C : 2 s ,  2 p  x  3  =  1 6 4 x 4 =  1 6
3  0 : 2 s ,  2 p  x  3  =  1 2 3 x 6 = 1 8
2  H : I s  = 2 2 x 1 = 2
M o l e c u l a r  O r b i t a l =  3 0 =  3 6
E v e n t u a l l y ,  o n c e  t h e  L U M O  w a s  i d e n t i f i e d ,  i t s  r e l a t i v e  E n e r g y  c a l c u l a t i o n  w a s  
s u b m i t t e d  a n d  t h e  t w o  v a l u e s ,  o n e  f r o m  t h e  s p r e a d s h e e t  a n d  t h e  o t h e r  f r o m  t h e  o u t p u t  
S h e e t  c o r r e s p o n d  a r e  r e p o r t e d  b e l o w  i n  T a b l e  3  f o r  b o t h  m e t h o d s .
T a b l e  3 .  E n e r g y  v a l u e s  o f  L U M O  o f  M A  w i t h  b o t h  m e t h o d s
M e t h o d E L U M O
( k c a l / m o l )
E L U M O
( e V )
M O
H - F _ 3 - 2 1 G 1 5 . 9 7 3 9 3 0 . 6 9 2 7 0 2 6
S E _  P M 3 - 3 5 . 7 0 5 6 7 - 1 . 5 4 8 3 6 1 9
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4.5.2 But-l-ene
T h i s  w a s  t h e  f i r s t  a l k e n e  t o  b e  s t u d i e d .  T h e  m o l e c u l e  w a s  f i r s t l y  c o n s t r u c t e d  a n d  i t s  
H O M O  ( F i g u r e  4 )  w a s  i d e n t i f i e d  a s  f o r  t h e  M A  w i t h  b o t h  m e t h o d s  ( T a b l e  4  a n d  5 ) .  
T h e r e f o r e  b y  t h e  H a r t r e e - F o c k  m e t h o d  t h e r e  a r e  2 8  A O  a n d  3 2  e l e c t r o n s  i n  t o t a l ,  w h i c h  
f i l l  t h e  f i r s t  1 6  M O  ( T a b l e  4 ) ;  t h i s  m e a n s  t h a t  t h e  H O M O  f o r  t h e  b u t - l - e n e  c o r r e s p o n d s  
t o  t h e  M O  n °  1 6 .
T a b l e  4 .  H - F  3 - 2 1 G  c a l c u l a t i o n  o f  A O  a n d  e l e c t r o n s
H F _ 3 - 2 1 G A t o m i c  O r b i t a l  ( A O ) e l e c t r o n s
4  C : I s ,  2 s ,  2 p  x  3  =  2 0 4  x  6 =  2 4
8 H : I s  = 8 8 x 1 =  8
M o l e c u l a r  O r b i t a l =  2 8 =  3 2
O n  t h e  o t h e r  h a n d ,  a c c o r d i n g  t o  t h e  S E _ P M 3  m e t h o d  b u t - l - e n e  h a s  2 4  A O  w i t h  i n  t o t a l  
2 4  e l e c t r o n s  ( s e e  T a b l e  5 ) ,  w h i c h  m e a n s  t h a t  t h e  H O M O  i s  M O  n °  1 2 .
T a b l e  5 .  S E  P M 3  c a l c u l a t i o n  o f  A O  a n d  e l e c t r o n s  f o r  b u t - l - e n e
S E J P M 3 A t o m i c  O r b i t a l  ( A O ) e l e c t r o n s
4  C : 2 s ,  2 p x 3  =  1 6 4 x 4 =  1 6
8 H : I s  = 8 8 x 1 = 8
M o l e c u l a r  O r b i t a l =  2 4 =  2 4
B e s i d e  t h e  H O M O  i t s e l f  ( F i g  4 ) ,  t h e  s t u d y  w a s  a l s o  e x t e n d e d  t o  d i f f e r e n t  o r b i t a l s  l y i n g  
o n  e n e r g e t i c  l e v e l s ,  j u s t  b e l o w  t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  o r b i t a l ,  a n d  i d e n t i f i e d  a s  
H O M O - 1 ,  - 2  a n d  - 3  t o  - 1 0 .  F o r  a l l  o f  t h e m  t h e  e n e r g y  w a s  c a l c u l a t e d  w i t h  t h e  t w o  
m e t h o d s  ( s e e  T a b l e  6). E v e n t u a l l y  it w a s  f o u n d  t h a t  t h e  o r b i t a l  i d e n t i f i e d  a s  H O M O  w a s  
t h e  o n e  w i t h  t h e  r i g h t  s y m m e t r y  t o  b e  a b l e  t o  i n t e r a c t  w i t h  t h e  M A  a n d  f o r  it t h e  
A E h o m o - l u m o  w a s  c a l c u l a t e d  w i t h  b o t h  m e t h o d s  ( T a b l e  6 ) .
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T a b l e  6. E n e r g y  o f  H O M O  f o r  b u t - l - e n e  w i t h  H - F  3 - 2 1 G  a n d  w i t h  S E  P M 3  a n d  t h e
A E h o m o - l u m o
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O E  L U M O m a A E h o m o -l u m o
H - F 3 - 2 1 G - 9 . 7 9 0 . 6 9 - 1 0 . 4 9
S E P M 3 - 1 0 . 1 5 - 1 . 5 5 - 8 . 6 0
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4.5.3 4-phenylbut-l-ene
T h e  m o d e l l i n g  w a s  t h e n  a p p l i e d  t o  a l l  t h e  a l k e n e s  c h o s e n  i n  t h i s  t h e  p r o j e c t  ( s e e  F i g u r e  
1 ) .  I t  w a s  s t a r t e d  w i t h  4 - p h e n y l b u t - l - e n e .  T h e  m o l e c u l e  w a s  f i r s t  b u i l t  a n d  i t s  H O M O  
( F i g u r e  5 )  w a s  i d e n t i f i e d  u s i n g  b o t h  m e t h o d s  ( T a b l e  7  a n d  8).
I n  t h e  H a r t r e e - F o c k  m e t h o d  t h e r e  a r e  6 2  A O  a n d  7 2  e l e c t r o n s  i n  t o t a l ,  w h i c h  f i l l  t h e  f i r s t  
3 6  M O  ( T a b l e  7 ) ;  t h i s  m e a n s  t h a t  t h e  H O M O  f o r  t h e  b u t - 1 - e n e  c o r r e s p o n d s  t o  t h e  M O  
n °  3 6  .
T a b l e  7 .  H - F  3 - 2 1 G  c a l c u l a t i o n  o f  A O  a n d  e l e c t r o n s  f o r  4 - p h e n y l b u t - l - e n e
H F  3 - 2 1 G A t o m i c  O r b i t a l  ( A O ) e l e c t r o n s
1 0 C : I s ,  2 s ,  2 p x 3  =  5 0 1 0 x 6 =  6 0
1 2  H : I s  =  12 1 2 x 1 =  12
M o l e c u l a r  O r b i t a l =  6 2 =  7 2
O n  t h e  o t h e r  h a n d ,  a c c o r d i n g  t o  t h e  S E _ P M 3  m e t h o d  b u t - 1 - e n e  h a s  5 2  A O  w i t h  i n  t o t a l  
5 2  e l e c t r o n s  ( s e e  T a b l e  8), w h i c h  m e a n s  t h a t  t h e  H O M O  i s  M O  n °  2 6  .
T a b l e  8. S E J P M 3  c a l c u l a t i o n  o f  A O  a n d  e l e c t r o n s  f o r  4 - p h e n y l b u t - l - e n e
S E  P M 3 A t o m i c  O r b i t a l  ( A O ) e l e c t r o n s
1 0 C : 2 s ,  2 p  x  3  =  4 0 1 0 x 4  =  4 0
1 2  H : I s  =  12 1 2 x 1 =  12
M o l e c u l a r  O r b i t a l =  5 2 =  5 2
B e s i d e  t h e  H O M O  i t s e l f  ( F i g .  5 ) ,  t h e  s t u d y  w a s  a l s o  e x t e n d e d  t o  d i f f e r e n t  o r b i t a l s  l y i n g  
o n  e n e r g e t i c  l e v e l s ,  j u s t  b e l o w  t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  o r b i t a l ,  a n d  i d e n t i f i e d  a s  
H O M O - 1 ,  -2  a n d  - 3  t o  - 1 0 .  F o r  a l l  o f  t h e m  t h e  e n e r g y  w a s  c a l c u l a t e d  w i t h  t h e  t w o  
m e t h o d s  ( s e e  F i g .  6).
I n  c o n t r a s t  t o  t h e  b u t - 1 - e n e ,  f o r  t h i s  m o d e l  it w a s  f o u n d  t h a t  t h e  o r b i t a l  i d e n t i f i e d  b y  t h e  
c o m p u t i n g  m o d e l l i n g  a s  H O M O - 2  w a s  a c t u a l l y  t h e  o n e  h a v i n g  t h e  r i g h t  o r b i t a l  
s y m m e t r y  a n d  l o c a l i z a t i o n  t o  i n t e r a c t  w i t h  t h e  L U M O  o f  M A  ( F i g  5 ) .  I n  f a c t  i n  t h i s  c a s e  
t h e  m o d e l l i n g  s h o w e d  t h a t  t h e  o r b i t a l  i d e n t i f i e d  a s  H O M O  i t s e l f  h a v e  t h e  g r e a t e s t  
d e n s i t y  o n  t h e  p h e n y l  g r o u p  r a t h e r  t h a n  o n  t h e  d o u b l e  b o n d .  A c c o r d i n g  t o  t h e  g r a p h i c  
r e s u l t ,  w h i c h  e v i d e n c e d  t h e  H O M O - 2  a s  t h e  r e a c t i n g  o r b i t a l ,  t h e  A E  b e t w e e n  H O M O - 2  
a n d  L U M O  o f  M A  w a s  c a l c u l a t e d  u s i n g  b o t h  m e t h o d s  ( s e e  T a b l e  9 ) .
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T a b l e  9 .  E n e r g y  o f ,  H O M O - 2  f o r  4 - p h e n y l b u t - 1 - e n e  a n d  A E H o m o - 2- l u m o  w i t h  
H - F  3 - 2 1 G  a n d  S E  P M 3 .
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O - 2 e n e E  L U M O m a A E h O M O - 2 - L U M O
H - F 3 - 2 1 G - 9 . 9 4 0 . 6 9 - 1 0 . 6 4
S E _ P M 3 - 10.11 - 1 . 5 5 - 8 . 5 6
F i g u r e  5 .  4 - p h e n y l b u t - 1 - e n e  s t r u c t u r e ,  H O M O - 2  H - F  3 - 2 1 G *  o n  t h e  left, H O M O - 2  S E  P M 3  
r i g h t
C H A P T E R  4 - 2 1 2 -
F i g u r e  6 .  T h e  H O M O  a n d  o t h e r  o r b i t a l s  s u c h  a s  H O M O - 1  t o  H O M O - 1 0  f o r  4 - p h e n y l b u t - 1 - e n e  a r e  
s h o w n  .
HOM O-1H O M O
HOM O-4H OM O-3
— — — :--------;--------------------------------
.  _
HOM O -5 H OM O-6
C H A P T E R  4 - 2 1 3  -
Figure 6. continued
H O M O -7 H OM O-8
C H A P T E R  4 - 2 1 4 -
T h e  m o d e l l i n g  s t u d y  w a s  t h e n  a p p l i e d  t o  t h e  s e c o n d  a l k e n e ,  t h e  2 - m e t h y l - 4 - p h e n y l b u t -  
1 - e n e .  A s  f o r  t h e  p r e v i o u s  t w o  a l k e n e s ,  t h e  m o l e c u l e  w a s  b u i l t  a n d  a n d  i t s  H O M O  ( F i g .  
7 )  w a s  i d e n t i f i e d  w i t h  t h e  H a r t r e e - F o c k  a n d  t h e  S e m i - E m p i r i c a l  m e t h o d s .
F r o m  a  s u r f a c e  a n a l y s i s  o v e r  a l l  t h e  H O M O s  d i s p l a y e d ,  t h e  s a m e  e v i d e n c e  f o u n d  f o r  t h e  
4 - p h e n y l b u t - 1 - e n e  w a s  h e r e  f o u n d ,  t h a t  t h e  r e a c t i n g  o r b i t a l  t u r n e d  o u t  t o  b e  a g a i n  t h e  
H O M O - 2  i n s t e a d  o f  t h e  H O M O  i d e n t i f i e d  b y  c o m p u t i n g  m o d e l l i n g  ( F i g u r e  7 ) .  S o  t h e  
e n e r g y  f o r  H O M O  - 2  a n d  A E  b e t w e e n  t h e  t w o  i n t e r a c t i n g  o r b i t a l s  H O M O - 2  a n d  L U M O  
o f  M A  w e r e  c a l c u l a t e d  f o r  b o t h  m e t h o d s  ( s e e  T a b l e  1 0 ) .
4.5 .4  2 -m e th y l-4 -p h e n y lb u t - l- e n e
F i g u r e  7 .  2 - m e t h y l - 4 - p h e n y l b u t - 1 - e n e  s t r u c t u r e ,  H O M O - 2  H - F 3 - 2 1 G *  o n  t h e  left, H O M O - 2  S E  P M 3  
o n  t h e  r i g h t .
T a b l e  1 0 .  E n e r g y  o f  H O M O - 2  f o r  2 - m e t h y l - 4 - p h e n y l b u t - l - e n e  c a l c u l a t e d  w i t h  H - F  3 -  
2 1 G  a n d  S E _ P M 3 ,  a n d  A E  ( H - 2 - L )
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O - 2 e n e E  L U M O m a A E h O M O - 2 - L U M O
H - F 3 - 2 1 G - 9 . 6 0 4 5 1 0 . 6 9 - 1 0 . 3 0
S E P M 3 - 9 . 8 4 9 7 1 - 1 . 5 5 - 8 . 3 0
C H A P T E R  4 - 2 1 5  -
A s  f o r  t h e  p r e v i u o s  a l k e n e s ,  t h e  m o l e c u l e  o f  2 - m e t h y l - 4 - p h e n y l p e n t - l - e n e  w a s  b u i l t  a n d  
i t s  H O M O  w a s  i d e n t i f i e d  w i t h  t h e  H a r t r e e - F o c k  a n d  t h e  S e m i - E m p i r i c a l  m e t h o d s .
T h e  m o d e l l i n g  s t u d y  f o r  t h i s  a l k e n e  g a v e  e x a c t l y  t h e  s a m e  r e s u l t  f o u n d  f o r  t h e  p r e v i o u s  
t w o  m o d e l s :  t h e  r e a c t i n g  o r b i t a l  r e s u l t e d  t o  b e  a g a i n  t h e  H O M O - 2  i n s t e a d  o f  t h e  H O M O  
i d e n t i f i e d  b y  c o m p u t i n g  m o d e l l i n g  ( F i g u r e  8). T h e  H O M O - 2  e n e r g y  w a s  c a l c u l a t e d  
w i t h  t h e  t w o  m e t h o d s  a n d  f i n a l l y  A E  b e t w e e n  t h e  t w o  i n t e r a c t i n g  o r b i t a l s  w a s  d e r i v e d  
( T a b l e  1 1 ) .
4.5 .5  2 -m e th y l-4 -p h e n y lp e n t - l- e n e
T a b l e  1 1 .  E n e r g y  o f  H O M O - 2  f o r  2 - m e t h y l - 4 - p h e n y l p e n t - l - e n e  w i t h  H - F  3 - 2 1 G  a n d  
S E  P M 3  a n d  A E h o m o - 2- l u m o -
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O - 2 e n e E  L U M O m a A E h O M O - 2 - L U M O
H - F 3 - 2 1 G - 9 . 4 4 3 2 5 0 . 6 9 - 1 0 . 1 4
S E P M 3 - 9 . 7 2 9 1 8 - 1 . 5 5 - 8 . 1 8
C H A P T E R  4 - 2 1 6 -
A s  n o w  e x p e c t e d ,  t h e  p r e s e n c e  o f  p h e n y l  g r o u p  m a i n l y ,  t o g e t h e r  t o  t h e  m e t h y l  g r o u p s ,  
d e e p l y  i n f l u e n c e  t h e  d e n s i t y  o f  t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  o r b i t a l  t o  t h e  e x t e n t  t h a t  
t h e  H O M O - 2  ( F i g u r e  9 )  i s  t h e  c o r r e c t  o r b i t a l  w h i c h  i n t e r a c t s  w i t h  t h e  L U M O  o f  M A  
w i t h  t h e  r i g h t  s y m m e t r y .  A s  f o r  t h e  p r e v i u o s  a l k e n e s ,  t h e  m o l e c u l e  o f  2 , 4 - d i m e t h y l - 4 -  
p h e n y l p e n t - l - e n e  w a s  b u i l t  a n d  i t s  H O M O  w a s  i d e n t i f i e d  w i t h  t h e  H a r t r e e - F o c k  a n d  t h e  
S e m i - E m p i r i c a l  m e t h o d s .
T h e  H O M O  e n e r g y  w a s  t h e n  c a l c u l a t e d  w i t h  t h e  t w o  m e t h o d s  a n d  f i n a l l y  A E  b e t w e e n  
t h e  t w o  i n t e r a c t i n g  o r b i t a l s  w a s  c a l c u l a t e d  ( s e e  T a b l e  1 2 ) .
4.5 .6  2 ,4 -d im e th y l-4 -p h e n y lp e n t - l- e n e
F i g u r e  9 .  2 , 4 - d i m e t h y l - 4 - p h e n y l b u t - l - e n e  s t r u c t u r e  a b o v e ,  H O M O - 2  H - F  3 - 2 1 G  o n  t h e  left, H O M O - 2  
S E _ P M 3  o n  t h e  r i g h t .
T a b l e  1 2 .  E n e r g y  o f  H O M O - 2  f o r  2 , 4 - d i m e t h y l - 4 - p h e n y l p e n t - l - e n e  w i t h  H - F  3 - 2 1 G  
a n d  S E P M 3  a n d  A E h o m o -2- lu m o
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O - 2 e n e E  L U M O ma A E h o M O - 2 - L U M O
H - F 3 - 2 1 G - 9 . 4 9 2 8 6 0 . 6 9 - 1 0 . 1 9
S E P M 3 - 9 . 7 0 1 6 7 - 1 . 5 5 - 8 . 1 5
C H A P T E R  4 - 2 1 7 -
T h e  m o l e c u l e  o f  2 , 4 - m e t h y l - 4 - ( 4 - f l u o r o p h e n y l ) p e n t - l - e n e  w a s  b u i l t  a n d  i t s  H O M O  w a s  
i d e n t i f i e d  w i t h  t h e  H a r t r e e - F o c k  a n d  t h e  S e m i - E m p i r i c a l  m e t h o d s .
F o r  t h i s  a l k e n e  it w a s  a  b i t  d i f f i c u l t  t o  a s s i g n  t h e  r e a c t i n g  o r b i t a l .  I n  f a c t ,  a l t h o u g h  s o  f a r  
t h e  p r e s e n c e  o f  p h e n y l  g r o u p  t o g e t h e r  w i t h  t h e  m e t h y l  g r o u p s ,  h a d  i n f l u e n c e d  t h e  t o t a l  
d e n s i t y  o f  t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  o r b i t a l ,  t w o  o r b i t a l s  H O M O - 1  a n d  H O M O - 2  
s e e m e d  t o  h a v e  t h e  r i g h t  s y m m e t r y  a n d  s i g n i f i c a n t  d e n s i t y  o n  t h e  ‘ e n e ’ s y s t e m  
e v e n t h o u g h  t h e  H O M O - 2  d i d  n o t  s h o w e d  t o  h a v e  o r b i t a l  o n  C - H  ( F i g u r e s  1 0  a n d  1 1 ) .  
T h e i r  e n e r g i e s ,  A E h o m o - i - l u m o  a n d  A E h o m o  - 2- l u m o  b e t w e e n  t h e  t w o  i n t e r a c t i n g  p a i r s  o f  
o r b i t a l s  w e r e  c a l c u l a t e d  w i t h  t h e  t w o  m e t h o d s  ( s e e  T a b l e  1 3 ) .
4 .5 .7  2 ,4 -d im e th y l-4 - (4 - f lu o r o p h e n y l )p e n t - l- e n e
F i g u r e  1 0 .  2 , 4 - d i m e t h y l - 4 - ( 4 - f l u o r o p h e n y l ) p e n t - l - e n e  s t r u c t u r e ,  H O M O - 1 ,  H O M O - 1  H - F  3 - 2 1 G  o n  t h e  
l e f t  S P  P M 3  o n  t h e  r i g h t .
F i g u r e  1 1 .  H O M O - 2  H - F  3 - 2 1 G  o n  t h e  l e f t  a n d  H O M O - 2  S P  P M 3  o n  t h e  r i g h t
C H A P T E R  4 - 2 1 8 -
T a b l e  1 3 .  E n e r g y  o f  H O M O - 1  a n d  H O M O - 2  f o r  2 , 4 - d i m e t h y l - 4 - ( 4 - f l u o r o p h e n y l ) p e n t -  
1 - e n e  w i t h  H - F _ 3 - 2 1 G  a n d  S E _ P M 3 ;  A E h o m o -i- lu m o  a n d  A E h o m o -2- lu m o  ■
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O - 1 E  H O M O - 2 L U M O m a A E h o m o - i -l u m o A E h O M O - 2 - L U M O
H - F 3 - 2 1 G - 9 . 5 7 - 9 . 7 3 0 . 6 9 - 1 0 . 2 6 - 1 0 . 4 3
S E P M 3 - 9 . 9 3 - 1 0 . 0 8 - 1 . 5 5 - 8 . 3 8 - 8 . 5 3
C H A P T E R  4 - 2 1 9 -
4.5.8 PIB
T h e  i d e n t i f i c a t i o n  o f  t h e  H O M O  a n d  t h e  c a l c u l a t i o n  f o r  i t s  e n e r g y  f o r  P I B ,  w e r e  b a s e d  
o n  t h e  m e t h o d  a p p l i e d  t o  a l l  t h e  s i m p l e  a l k e n e s :  w i t h  t h e  H - F 3 - 2 1 G *  c a l c u l a t i o n  t h e  
H O M O  t u r n e d  o u t  t o  b e  M O  = 1 5 6  w h i l e  w i t h  S E  P M 3  m e t h o d s  M O = 1 1 7 .  T h e  
m o d e l l i n g  o f  t h e  P I B  m o l e c u l e  s h o w e d  a l s o  t h a t  t h e  H O M O  i t s e l f  i s  t h e  m o s t  s u i t a b l e  
o r b i t a l  t o  i n t e r a c t  w i t h  t h e  L U M O  o f  M A  ( F i g u r e  1 2 ) .  T h e  e n e r g y  o f  t h e  h i g h e s t  
m o l e c u l a r  o r b i t a l  w a s  c a l c u l a t e d  w i t h  t h e  H - F 3 - 2 1 G *  a n d  S E  P M 3  m e t h o d s  a n d  t h e n  
A E h o m o - l u m o  w a s  c a l c u l a t e d  ( s e e  T a b l e  1 4 ) .
F i g u r e  1 2 .  H O M O  o b t a i n e d  w i t h  H - F 3 - 2 1 G .
T a b l e  1 4 .  E n e r g y  o f  H O M O - 2  f o r  P I B  w i t h  H - F  3 - 2 1 G  a n d  S E _ P M 3  a n d  A E  ( H - L )
O u t p u t  v a l u e s  ( e V )
M e t h o d E  H O M O L U M O m a A E h o m o -  l u m o
H - F 3 - 2 1 G - 9 . 4 2 0 . 6 9 - 10.11
S E P M 3 - 9 . 7 4 - 1 . 5 5 - 8 . 1 9
C H A P T E R  4 - 2 2 0 -
T h e  c o m p u t e r  m o d e l i n g  w a s  e x t e n d e d  t o  o t h e r  t w o  a l k e n e s  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e
(4) a n d  2 , 4 , 4 , 6 , 6 , 8 , 8 - h e p t a m e t h y l - d e c - l - e n e  (5) i n  o r d e r  t o  o b t a i n  m o r e  i n f o r m a t i o n  
a b o u t  t h e  i n f l u e n c e  o f  t h e  s u b s t i t u e n t s ,  w h i c h  w e r e  u s e d  s o  f a r ,  o n  t h e  M O  e n e r g y .
T h u s ,  a l k e n e  (4) w a s  e m p l o y e d  t o  c h e c k  t h e  i n f l u e n c e  o f  t h e  m e t h y l  g r o u p  i n  p o s i t i o n  4 ,  
w h i l e  a l k e n e  ( 5 )  w a s  h e r e  u s e d  t o  c h e c k  w h e t h e r  t h e  c h a i n - l e n g t h  i n c r e a s e  f r o m  t h e  b u t -  
1 - e n e  t o  P I B  i n f l u e n c e s  t h e  H O M O  e n e r g y .
A s  f o r  t h e  p r e v i o u s  a l k e n e s ,  t h e  H O M O  w a s  i d e n t i f i e d  a n d  i t s  e n e r g y  w a s  c a l c u l a t e d  
w i t h  b o t h  H - F 3 - 2 1 G  a n d  S E  P M 3 ) .  A s  e x p e c t e d ,  t h e  H O M O  s e e m e d  t o  h a v e  t h e  r i g h t  
s y m m e t r y  t o  i n t e r a c t  w i t h  M A  ( s e e  F i g u r e  1 3 ) ,  t h e r e f o r e  t h e  A E h o m o -l u m o  w a s  
c a l c u l a t e d  f o r  b o t h  a l k e n e s  w i t h  b o t h  m e t h o d s  ( T a b l e  1 5 ) .
4.5 .9  2 ,4 ,4 - t r im e th y lp e n t - l- e n e  (4 )  a n d  2 ,4 ,4 ,6 ,6 ,8 ,8 -h e p ta m e th y l-d e c - l-e n e  (5 )
T a b l e  1 5 .  E n e r g y  o f  H O M O  f o r  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e  a n d  f o r  2 , 4 , 4 , 6,6,8,8- 
h e p t a m e t h y l - d e c - l - e n e  w i t h  H - F  3 - 2 1 G  a n d  w i t h  S E  P M 3  a n d  t h e  A E h o m o - 
l u m o
M e t h o d O u t p u t  v a l u e s ( e V )
A l k e n e E  H O M O E  L U M O m a A E h o m o -l u m o
H - F 3 - 2 1 G
2 , 4 , 4 - t r i m e t h y l p e n t - 1 - e n e - 9 . 3 5 0 . 6 9 - 1 0 . 0 4
2 , 4 , 4 , 6 , 6 , 8 , 8 - h e p t a m e t h y l - d e c - 1 - e n e - 9 . 4 3 0 . 6 9 - 10.12
S E P M 3
2 , 4 , 4 - t r i m e t h y l p e n t - 1 - e n e - 9 . 7 8 - 1 . 5 5 - 8 . 2 3
2 , 4 , 4 , 6 , 6 , 8 , 8 - h e p t a m e t h y l - d e c - 1 - e n e - 9 . 7 4 - 1 . 5 5 - 8 . 1 9
F i g u r e  1 3 . H O M O  o f  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e  ( M O = 3 2 )  o n  t h e  left, H O M O  f o r  2 , 4 , 4 , 6 , 6 , 8 , 8 -  
h e p t a m e t h y l - d e c - l - e n e  ( M O = 7 2 )  o n  t h e  r i g h t  w i t h  H - F 3 - 2 1 G * .
C H A P T E R  4 -  2 2 1  -
4.6 Discussion
T h e  c a l c u l a t i o n s  w i t h  t h e  t w o  m e t h o d s ,  H a r t r e e - F o c k  a n d  S e m i - E m p i r i c a l ,  g a v e  
d i f f e r e n t  v a l u e s  o f  e n e r g y  f o r  t h e  o r b i t a l s  t h a t  w e r e  a n a l y s e d ,  a s  e x p e c t e d ,  a c c o r d i n g  t o  
t h e  d i f f e r e n t  a p p r o x i m a t i o n s  w h i c h  t h e y  a r e  b a s e d  o n :
H a r t t ' e e - F o c k : a c c o r d i n g  t o  t h e  v a l u e s  o b t a i n e d  w i t h  t h i s  m e t h o d  ( s e e  T a b l e  1 6 ) ,  w h e n  
M A  i n t e r a c t s  w i t h  P I B ,  t h e  d i f f e r e n c e  o r  t h e  e n e r g e t i c  g a p  b e t w e e n  t h e  L U M O  o f  t h e  
e n o p h i l e  a n d  t h e  ‘H O M O ’ ( o r  H O M O - 2 )  o f  t h e  e n e  w a s  s m a l l e r  t h a n  t h e  o n e s  r e l a t i v e  
t o  t h e  m o d e l  a l k e n e s .  A c c o r d i n g  t o  t h i s ,  t h e  P I B S A  r e a c t i o n  s h o u l d  b e  f a s t e r  t h a n  a l l  t h e  
o t h e r s .  A s  r e p o r t e d  i n  T a b l e  1 6  t h e  n e x t  f a s t e s t  r e a c t i o n  s h o u l d  i n v o l v e  t h e  2 - m e t h y  1 - 4 -  
p h e n y l  p e n t - 1 - e n e ,  f o l l o w e d  b y  t h e  2 , 4 - d i m e t h y l ~ 4 - p h e n y p e n t - l - e n e ,  2 , 4 - d i m e t h y l - 4 - ( 4 -  
f l u o r o p h e n y l ) p e n t - l - e n e ,  2 - m e t h y l - 4 - p h e n y l b u t - l - e n e ,  b u t - l - e n e  a n d  f i n a l l y  f r o m  t h i s  
a n a l y s i s  t h e  4 - p h e n y l b u t - 1 - e n e .  T h e r e f o r e  t h e  o b t a i n e d  A E  v a l u e s  s h o w e d  a  s o r t  o f  ‘t w o  
s t e p s  o r d e r ’ . T h r e e  a l k e n e s ,  6a, 3a a n d  4a a p p e a r e d  t o  h a v e  v e r y  s i m i l a r  r e a c t i v i t y  
s l i g h t l y  g r e a t e r  t h a n  t h e  o n e s  o f  o t h e r  t w o  a l k e n e s  5 a ,  2 a  w h i c h  w e r e  f o u n d  t o  h a v e  
s m a l l e r  e n e r g y  g a p s  t h a n  t h e  b u t - l - e n e  (3) a n d  4 - p h e n y l b u t - 1 - e n e  ( l a ) .
T a b l e  1 6 .  A E H O M O ( e n e ) - L U M O ( M A )  c a l c u l a t e d  w i t h  H a r t r e e - F o c k .
A l k e n e n ° O r b i t a l
u s e d
A E 1
( e V )
R e a c t i v i t y
o r d e r
E x p e r i m e n t a l ”
o r d e r
P I B  ( M W  = 5 4 6 ) 6a H O M O - 10 .12 1 5
2 - m e t h y l - 4 - p h e n y l p e n t - 1  - e n e 3a H O M O - 2 - 1 0 . 1 4 2 1
2 , 4 - d i m e t h y l - 4 - p h e n y p e n t - 1  - e n e 4a H O M O - 2 - 1 0 . 1 9 3 4
2 , 4 - d i m e t h y l - 4 - ( 4 - f l u o r o p h e n y l ) p e n t -
1 - e n e
5a H O M O - 1 - 1 0 . 2 6 4 3
2 - m e t h y l - 4 - p h e n y l b u t - 1  - e n e 2a H O M O - 2 - 1 0 . 3 0 5 2
b u t - l - e n e 3 H O M O - 1 0 . 4 9 6 -
4 - p h e n y l b u t - 1  - e n e 1 H O M O - 2 - 1 0 . 6 3 7 6
‘ ene orbital-LUMOMA
1 The experimental order given in Table 16 is relative to the data obtained with the method of ‘excess 
maleic anhydride’ at T= 180 °C
C H A P T E R  4 - 2 2 2 -
S e m i - E m p i r i c a l :  O n  t h e  o t h e r  h a n d  f r o m  t h e  S e m i - E m p i r i c a l  m e t h o d  t h e  r e a c t i v i t y  o r d e r  
( s e e  T a b l e  1 7 ) ,  a p p e a r e d  t o  g i v e  s l i g h t l y  d i f f e r e n t  r e s u l t s  c o m p a r i n g  t o  t h e  p r e v i o u s  
m e t h o d .  I n  f a c t  a l t h o u g h  i t  w a s  f o u n d  t h a t  t h e  t h r e e  a l k e n e s  ( 6a ,  3 a  a n d  4 a ) ,  w h i c h  
e a r l i e r  s h o w e d  t o  h a v e  t h e  l o w e s t  A E ,  w e r e  s t i l l  t h e  l o w e s t ,  t h e i r  r e l a t i v e  o r d e r  w a s  
e x a c t l y  i n v e r t e d :  t h e  2 , 4 - d i m e t h y l - 4 - p h e n y p e n t - l - e n e  s h o w e d  t h e  l o w e s t  v a l u e ,  
f o l l o w e d  b y  2 - m e t h y l - 4 - p h e n y l  p e n t - 1 - e n e  a n d  t h e  P I B .  T h e y  w e r e  t h e n  f o l l o w e d  b y  t h e  
s a m e  t w o  a l k e n e s  2 a  a n d  5 a ,  w h o s e  r e a c t i v i t y  w a s  i n v e r t e d  a s  w e l l .  F i n a l l y  4 -  
p h e n y l b u t - l - e n e ,  r a t h e r  t h a n  t h e  b u t - 1 - e n e  s e e m e d  t o  b e ,  t h i s  t i m e ,  t h e  l a r g e s t  A E .
T a b l e  1 7 .  A E H O M O ( e n e ) - L U M O ( M A )  c a l c u l a t e d  w i t h  S E _ P M 3
A l k e n e n ° O r b i t a l
u s e d
A E 111
( e V )
R e a c t i v i t y
o r d e r
E x p e r i f f n e n t e I lv
o r d e r
2 , 4 - d i m e t h y l - 4 - p h e n y p e n t - 1  - e n e 4 a H O M O - 2 - 8 . 1 5 1 5
2 - m e t h y l - 4 - p h e n y l b u t  p e n t - 1 - e n e 3 a H O M O - 2 I C
O H—
4 
00 2 1
P I B  ( M W  = 5 4 6 ) 6a H O M O - 8 . 1 9 3 4
2 - m e t h y l - 4 ~ p h e n y l b u t - 1  - e n e 2 a H O M O - 2 - 8 . 3 0 4 3
2 , 4 - d i m e t h y l - 4 - ( 4 - f l u o r o p h e n y l ) p e n t -
1 - e n e
5 a H O M O - 1 - 8 . 3 8 5 2
4 - p h e n y l b u t - 1  - e n e l a H O M O - 2 - 8 . 5 6 6 -
b u t - 1 - e n e 3 H O M O - 8 . 6 0 7 6
m ene orbital-LUMOMA
1V The experimental order given in Table 16 is relative to the data obtained with the method of ‘excess 
maleic anhydride’ at T= 180 °C
C H A P T E R  4 -2 2 3  -
2 . 4 . 4 - t r i m e t h y l p e n t - l - e n e  v s .  2 , 4 , d i m e t h y l - 4 - p h e n y l p e n t - l - e n e
F r o m  a  c o m p a r i s o n  b e t w e e n  t h e  t w o  a l k e n e s  E h o m o  , w i t h  t h e  H - F _ 3 - 2 1 G *  m e t h o d
2 . 4 . 4 - t r i m e t h y l p e n t - l - e n e  a p p e a r s  t o  h a v e  a  A E h o m o -l u m o  l e s s  t h a n  t h e  o n e  f o r
2 . 4 . 4 . 6 . 6 . 8 . 8 - h e p t a m e t h y l - d e c - l - e n e  ( A E h o m o -l u m o  =  - 1 0 . 0 4  v s .  - 1 0 . 1 9  e V ) .  O n  t h e  
o t h e r  h a n d ,  f r o m  t h e  S E J P M 3  m e t h o d  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e  a p p e a r s  t o  h a v e  a  
b i g g e r  A E h o m o -l u m o :
- 8 . 2 3  v s .  - 8 . 1 5  e V .
2 . 4 . 4 . 6 . 6 . 8 . 8 - h e p t a m e t h y l - d e c - l - e n e  v s .  P I B
T h e  t w o  m o l e c u l e s  g a v e  t h e  s a m e  E h o m o  w i t h  b o t h  m e t h o d s .  C l e a r l y  a  s t r u c t u r e  
b e t w e e n ,  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e  a n d  2 , 4 , 4 , 6 , 6 , 8 , 8 - h e p t a m e t h y l - d e c - l - e n e  w o u l d  
m a k e  a  g o o d  c o m p u t a t i o n a l  s u b s t i t u t e  f o r  P I B .
4.6.1  C o m p a r is o n  w ith  a lk en es  (4 )  a n d  (5 )
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C H A P T E R  5: D IS C U S S IO N  A N D  C O N C L U S IO N S
5.1 Kinetics.
T h e  a l k e n e s  u s e d  i n  t h i s  s t u d y  ( w i t h  m a l e i c  a n h y d r i d e  ( 1 ) )  a r e  l a  -  5 a  a s  s h o w n  i n  
F i g u r e  1 .
O
A
o
1
C H A P T E R  5 - 225 -
Figure 1. Alkenes la -  5a used in this study with MA (1).
T h e  r a t e  c o n s t a n t s  a r e  f o r  a l l  t h e  a l k e n e s  la - 5a a r e  g a t h e r e d  t o g e t h e r  i n  T a b l e  1 .  O f  
t h e s e ,  e n t r i e s  1 - 3 ,  8 a r e  f o r  a l k e n e s  la a n d  4a u n d e r  c o n d i t i o n s  o f  e q u i m o l a r ,  o r  e x c e s s  
a l k e n e .  I t  i s  c l e a r  t h a t  t h e r e  i s  m u c h  s c a t t e r  i n  t h e  d a t a ;  t h i s  i s  p r o b a b l y  b e c a u s e  o f  
d i f f i c u l t i e s  w i t h  t h e  H P L C  m o n i t o r i n g  o f  t h e s e  r e a c t i o n s .  I n  p a r t i c u l a r ,  t h e  a b n o r m a l l y  
h i g h  v a l u e  f o r  t h e  1 9 0  ° C  r e s u l t  s e e m s  i n c o n s i s t e n t  w i t h  t h o s e  a t  1 8 0  a n d  2 0 0  ° C .  
D e s p i t e  t h i s ,  t h e r e  a r e  a  f e w  p o i n t s  t h a t  c a n  b e  i n f e r r e d .  F i r s t l y ,  it i s  c l e a r  t h a t  a l k e n e  4 a  
i s  s i g n i f i c a n t l y  m o r e  r e a c t i v e  t h a n  la, b y  a  f a c t o r  o f  c a .  4 0 .  T h e r e  a r e  3  p o s s i b l e  r e a s o n s  
f o r  t h i s  i n c r e a s e d  r e a c t i v i t y :  1 )  t h e  p o t e n t i a l  m i g r a t i o n  o f  a  1 °  a s  o p p o s e d  t o  a  2 °  
h y d r o g e n ,  2 )  t h e  i n v o l v e m e n t  o f  a  d i - s u b s t i t u t e d ,  a s  o p p o s e d  t o  a  m o n o - s u b s t i t u t e d ,  
C = C ,  a n d  3 )  t h e  a b i l i t y  o f  t h e  m e t h y l  g r o u p ,  a s  o p p o s e d  t o  t h e  ‘b e n z y l m e t h y l ’ g r o u p  t o  
a t t a i n  t h e  a p p r o p r i a t e  c o n f o r m a t i o n  f o r  r e a c t i o n .  T h e s e  f a c t o r s  w i l l  b e  d i s c u s s e d  l a t e r  i n  
a  w i d e r  c o n t e x t .
C H A P T E R  5 - 2 2 6 -
T a b l e  1 .  S e c o n d  o r d e r  r a t e  c o n s t a n t s  (/t2 )  f o r  t h e  r e a c t i o n  o f  m a l e i c  a n h y d r i d e  w i t h  
a l k e n e s  l a  -  5 a .
E n t r y a l k e n e [ M A ] 0: [ E n e ]0 T ° C 105 k 2  s ’1 k g  m o l '1 m o n i t o r i n g
1 la 1 : 1 200 0 . 2 8 H P L C
2 la 1 : 10 1 8 0 0 . 9 H P L C
3 la 1 : 10 1 9 0 7 . 9 7 H P L C
4 la 1 0 : 1 1 6 0 0.88 G C
5 la 10 : 1 1 7 0 1 . 2 9 G C
6 la 10 : 1 1 8 0 2 . 0 6 G C
7 la 10 : 1 1 9 0 2 . 8 9 G C
8 4a 1 : 10 1 8 0 3 9 . 9 H P L C
9 4a 10 : 1 1 7 1 5 . 7 G C
10 4a 10 : 1 1 7 5 5 . 9 G C
11 4a 10 : 1 1 8 0 6 . 5 G C
12 4a 10 : 1 1 9 0 10.0 G C
1 3 5a 10 : 1 1 6 0 3 . 9 6 G C
1 4 5a 10 : 1 1 7 0 6.11 G C
1 5 5a 10 : 1 1 8 0 8.00 G C
1 6 5a 10 : 1 1 8 5 7 . 8 G C
1 7 5a 10 : 1 1 9 0 1 1 . 7 6 G C
1 8 2a 10 : 1 1 6 2 3 . 8 G C
1 9 2a 10 : 1 1 7 0 1 2 . 9 3 G C
20 2a 10 : 1 1 8 0 1 5 . 5 G C
21 3a 10 : 1 1 6 0 6 . 4 G C
22 3a 10 : 1 1 7 0 1 3 . 0 7 G C
2 3 3a 10 : 1 1 8 0 1 8 . 6 6 G C
I n t e r e s t i n g l y ,  t h e  l e s s  r e a c t i v e  4 - p h e n y l b u t - l - e n e  ( l a )  s h o w e d  c l e a r  e v i d e n c e  o f  t h e  e n e -  
a d d u c t  p r o d u c t  ( b y  N M R )  u n d e r  e q u i m o l a r  c o n d i t i o n s ,  g i v i n g  a  c a .  9 :  1  r a t i o  o f  E  : Z  
i s o m e r s .  T h i s  s a m e  r a t i o  w a s  f o u n d  ( b y  N M R )  u n d e r  c o n d i t i o n s  o f  e x c e s s  m a l e i c  
a n h y d r i d e .  F u r t h e r m o r e ,  t h e r e  w a s  n o  e v i d e n c e  o f  p r o d u c t s  d e r i v e d  f r o m  i s o m e r i s a t i o n  
o f  t h e  a l k e n e  a n d ,  e v e n  w i t h  a  10 : 1 e x c e s s  o f  m a l e i c  a n h y d r i d e  ( v i d e  i n f r a ) ,  n o  e v i d e n c e  
o f  f u r t h e r  r e a c t i o n  o f  t h e  a d d u c t  ( a l s o  a n  a l k e n e )  w i t h  m a l e i c  a n h y d r i d e .  T h e  
p r e p o n d e r a n c e  o f  E  p r o d u c t  s u g g e s t s  a n  e x o  t r a n s i t i o n  s t a t e  ( T S )  s i n c e  a n  e n d o  T S
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w o u l d  h a v e  t o  p l a c e  t h e  l a r g e  b e n z y l  g r o u p  ( R  i n  F i g u r e  2 )  o v e r  t h e  m a l e i c  a n h y d r i d e  i n  
o r d e r  t o  g i v e  E  ( s e e  F i g u r e  2 ) .  I t  m i g h t  b e  a r g u e d  t h a t  t h i s  p l a c i n g  o f  a  p h e n y l  o v e r  t h e  
e n o p h i l e  m i g h t  a l l o w  2 °  o r b i t a l  i n t e r a c t i o n s  s u c h  a s  t h o s e  l e a d i n g  t o  a n  e n d o  T S  i n  t h e  
D i e l s - A l d e r  r e a c t i o n ,  b u t  e x a m i n a t i o n  o f  m o d e l s  s u g g e s t s  t h a t  t h e  p h e n y l  w i l l  n o t  a d o p t  
t h e  g e o m e t r y  f o r  t h i s .
H
O
E
O
E
R
Figure 2. The two possible TS: exo and endo.
T h e  r e m a i n i n g  e n t r i e s  a r e  f o r  a l k e n e s  la - 5a u n d e r  c o n d i t i o n s  o f  e x c e s s  m a l e i c  
a n h y d r i d e .  C o n s i d e r i n g  4 - p h e n y l b u t - 2 - e n e  (la), i t  a p p e a r s  t h a t  t h e  r e a c t i o n  i s  f a s t e r  
u n d e r  t h e  ‘ e x c e s s  m a l e i c  a n h y d r i d e ’ c o n d i t i o n s  t h a n  u n d e r  t h e  ‘ e x c e s s  a l k e n e ’ 
c o n d i t i o n s  b y  a  f a c t o r  o f  c a .  2  ( e n t r y  2  v y .  e n t r y  6). T h i s  i s  p r o b a b l y  a  s m a l l  s o l v e n t  
e f f e c t ;  u n d e r  ‘ e x c e s s  a l k e n e ’ c o n d i t i o n s ,  t h e  s o l v e n t ,  n o m i n a l l y  T C B ,  i s  b e t t e r  d e s c r i b e d  
a s  c a .  4 :  1  ( w / w )  T C B - a l k e n e ,  w h i l e  u n d e r  t h e  ‘ e x c e s s  m a l e i c  a n h y d r i d e ’ c o n d i t i o n s  it i s  
c a .  4 :  1 T C B - m a l e i c  a n h y d r i d e .  A l t h o u g h  p e r i c y c l i c  r e a c t i o n s ,  s u c h  a s  t h e  e n e  r e a c t i o n ,
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a r e  n o t  n o r m a l l y  c o n s i d e r e d  t o  b e  s u s c e p t i b l e  t o  a  s o l v e n t  e f f e c t ,1 t h e  a l k e n e  a n d  t h e  
a n h y d r i d e  d o  d i f f e r  s i g n i f i c a n t l y  i n  s t r u c t u r e  a n d  t h i s  m a y  b e  e n o u g h  t o  e x p l a i n  t h e  
( r e l a t i v e l y )  s m a l l  c h a n g e  i n  r a t e  c o n s t a n t  b e t w e e n  t h e  t w o  c o n d i t i o n s .  I t  i s  a g a i n  c l e a r  
t h a t  u n d e r  e x c e s s  M A  c o n d i t i o n s  t h e  v i n y l i d e n e  a l k e n e s  2a - 5a a r e  m o r e  r e a c t i v e  t h a n  
t h e  4 - p h e n y l b u t - l - e n e .  H o w e v e r ,  t h e  f a c t o r  ( u n d e r  t h e  1 :  1 0  a l k e n e :  m a l e i c  a n h y d r i d e  
c o n d i t i o n s )  i s  m u c h  s m a l l e r ,  c a .  3 - f o l d  ( e . g .  e n t r y  1 1  v s .  e n t r y  6). U s i n g  t h e  m o r e  
c o m p r e h e n s i v e  ‘ e x c e s s  m a l e i c  a n h y d r i d e ’ d a t a ,  a n d  c o n s i d e r i n g  t h e  v a l u e s  a t  1 8 0  ° C ,  
( e n t r i e s  6, 1 1 ,  1 5 ,  2 0 ,  2 3 ) ,  t h e  o r d e r  o f  r e a c t i v i t y  i s  la < 2a < 3a < 4a <  5a ( k 2  =  2 . 0 6 ,  
6 . 0 5 ,  8 . 0 0 ,  1 5 . 5 ,  1 8 . 6 6 * 1 0 " 5 s '1 k g  m o l "1 a t  1 8 0  ° C ) ,  o r  m o r e  g e n e r a l l y ,  C H ? . - C H ? -  
C H = C H 2 <  C ( C H 3) 2- C ( C H 3) = C H 2 <  C H ( C H 3) - C ( C H 3) = C H 2 ( F i g u r e  3 ) .
M
M e  M e  
A ,
M e  ( H )
, H
A r
Figure 3. Order of reactivity under ‘excess maleic anhydride’ conditions.
T h e  a c t i v a t i o n  p a r a m e t e r s  f o r  r e a c t i o n  o f  a l k e n e s  la - 5a w i t h  m a l e i c  a n h y d r i d e  a r e  
g a t h e r e d  i n  T a b l e  2 .  T h e  v a l u e s  f o r  a l k e n e s  2a a n d  3a, a l t h o u g h  i n c l u d e d  f o r  
c o m p l e t e n e s s ,  a r e  n o t  r e l i a b l e  a n d  w i l l  n o t  b e  d i s c u s s e d  f u r t h e r .  C o n s i d e r i n g  t h e  v a l u e s  
f o r  a l k e n e s  la , 4a a n d  5a i t  c a n  b e  s e e n  t h a t  a l l  s h o w  a  l a r g e  n e g a t i v e  a c t i v a t i o n  
e n t r o p y  ( A S * )  a s  e x p e c t e d  o f  a  p e r i c y c l i c  r e a c t i o n .
T a b l e  2 .  A c t i v a t i o n  p a r a m e t e r s  f o r  t h e  r e a c t i o n  o f  m a l e i c  a n h y d r i d e  ( 1 )  w i t h  a l k e n e s  l a  
- 5a.
a l k e n e E a c t  k J  m o l * A H *  k J  m o f 1 A S *  J  m o f 1 I C 1
la 6 7 . 3  ± 0 . 3 6 3 . 5  ± 0 . 3 - 1 9 8  ± 0 . 7
2a 5 2 . 2 ±  1 . 4 4 8 . 4 ±  1 . 4 - 2 2 1  ± 3
3a 5 3 . 5  ±  1 . 7 4 9 . 8±  1 . 7 - 2 2 9  ± 3 . 9
4a 1 2 7 . 7 ±  7 . 4 1 2 1 . 0  ± 7 . 4 - 5 3  ±  1 6 . 6
5a 8 7 . 5 ±  1 . 9 8 3 . 8 ±  1 . 9 - 1 3 4 ±  4 . 3
1 Isaacs in Physical Organic Chemistry, 2nd edn, p 726 quotes /c(MeCN)//c(cyclohexane) ~ 2 for reaction
of the ene 1,3-diphenyl-2-methylbut-l-ene with the enophile ethyl azodicarboxvlate (ref. to B. Franzus,
J. Org. Chem., 1963, 28, 2954).
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5.2 Modeling.
T h e  c o m p u t a t i o n a l  m o d e l l i n g  w a s  u n d e r t a k e n  t o  p r o v i d e  a n  i n s i g h t  i n t o  t h e  r e a c t i v i t y  o f  
t h e s e  s y s t e m s .  E a r l i e r  ( v i d e  s u p r a ) ,  it w a s  n o t e d  t h a t  d i f f e r e n c e s  i n  a l k e n e  r e a c t i v i t y  
c o u l d  b e  a t t r i b u t e d  t o  o n e  o r  m o r e  o f  t h r e e  f a c t o r s ,  m i g r a t i o n  o f  a  1 °  v y .  2 °  H ,  
i n v o l v e m e n t  o f  a  d i -  v y .  m o n o - s u b s t i t u t e d  C = C ,  a n d  c o n f o r m a t i o n a l  e f f e c t s .  T h e  f i r s t  
t w o  f a c t o r s  w i l l  b e  r e f l e c t e d  i n  t h e  a p p r o p r i a t e  o r b i t a l  e n e r g y  f o r  t h e  a l k e n e .  T h e r e f o r e ,  
c o n s i d e r a t i o n  o f  t h e  e n e r g y  d i f f e r e n c e s  b e t w e e n  t h e  a p p r o p r i a t e  H O M O e n e "  a n d  t h e  
L U M O  e n o p h i l e  s h o u l d  p r o v i d e  a  r a n k i n g  i n  t e r m s  o f  o r b i t a l  e f f e c t s  o n l y .  T h e  r e s u l t s  w e r e  
o b t a i n e d  i n  c h a p t e r  4  f r o m  t h e  S p a r t a n  P r o ®  p a c k a g e ,  a n d  g a t h e r e d  i n  T a b l e  3 .  T h i s  
a l l o w s  a  s e m i - q u a n t i t a t i v e  r a n k i n g  o f  a l k e n e - m a l e i c  a n h y d r i d e  r e a c t i v i t y  b a s e d  o n  
o r b i t a l  i n t e r a c t i o n s  a l o n e ,  i . e . w i t h o u t  a n y  c o n s i d e r a t i o n  o f  s t e r i c  o r  c o n f o r m a t i o n a l  
i n f l u e n c e s .
T a b l e  3 .  C a l c u l a t e d  e n e r g y  d i f f e r e n c e s  b e t w e e n  t h e  L U M O m a ieic a n h y d r i d e  a n d  t h e  h i g h e s t  
v i n y l i d e n e - c e n t r e d  o c c u p i e d  m o l e c u l a r  o r b i t a l  o n  a l k e n e s  l a  -  5 a ,  b u t - l - e n e ,  
2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e ,  2 , 4 , 4 , 6 , 6 , 8 , 8 - h e p t a m e t h y l d e c - l - e n e ,  a n d  P I B .
A l k e n e O r b i t a l A e n e r g y  ( H - F )  
e V
A e n e r g y  ( S - E )  
e V
l a H O M O - 2 1 0 . 6 3 8 . 5 6
2 a H O M O - 2 1 0 . 1 9 8 . 1 5
3 a H O M O - 1 1 0 . 2 6 8 . 3 8
4 a H O M O - 2 1 0 . 1 4 8 . 1 8
5 a H O M O - 2 1 0 . 3 0 8 . 3
b u t - l - e n e H O M O 1 0 . 4 9 8.6
2 , 4 , 4 - t r i m e t h y l p e n t - 1 - e n e H O M O 1 0 . 0 4 8 . 2 3
2 , 4 , 4 , 6 , 6 , 8 , 8 - h e p t a m e t h y l d e c - 1  - e n e H O M O 10 .12 8 . 1 9
P I B H O M O 10 .12 8 . 1 9
T o  a s s e s s  t h e  i n f l u e n c e  o f  t h e  ( p r o b a b l y  r e m o t e )  p h e n y l  g r o u p ,  a  s e r i e s  o f  a l i p h a t i c  
a l k e n e s  w a s  m o d e l l e d  f i r s t .  F o r  b o t h  t h e  H a r t r e e - F o c k  a n d  t h e  S e m i - E m p i r i c a l  
a p p r o a c h e s  t h e  R - C ( C H 3) = C H 2 s y s t e m  ( e . g .  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e )  i s  s h o w n  t o  h a v e  
a  s m a l l e r  H O M O e n e - L U M O e n o p h i i e  g a p  t h a n  t h e  C H 2- C H = C H 2 s y s t e m  ( e . g .  b u t - l - e n e ) ,  
a n d  w o u l d  t h e r e f o r e ,  b e  e x p e c t e d  t o  b e  t h e  m o r e  r e a c t i v e  ( F i g u r e  4 ) .
" See earlier (Results section) for justification for choice of the appropriate Occupied Molecular Orbital.
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Figure 4. Computed order of reactivity
E x t e n d i n g  t h e  a l i p h a t i c  c h a i n  b y  f u r t h e r  - C ( C H 3 ) 2 C H 2 -  u n i t s  ( u p  t o  P I B )  m a k e s  o n l y  a  
l i t t l e  f u r t h e r  d i f f e r e n c e  t o  t h e  H O M O e n e - L U M O e n o p h i i e  g a p .
T h e  i n t r o d u c t i o n  o f  a n  a p p a r e n t l y  r e m o t e  p h e n y l  g r o u p ,  i n t r o d u c e d  s i g n i f i c a n t  
c o m p l i c a t i o n .  F i r s t l y ,  t h e  p r o g r a m m e  c o m p u t e s  t h e  H O M O  a s  a n  o r b i t a l  p r e d o m i n a n t l y  
b a s e d  o n  t h e  a r o m a t i c  r i n g .  T h i s  n e c e s s i t a t e s  a  c a r e f u l  a n a l y s i s  o f  t h e  v a r i o u s  H O M O  
o r b i t a l s  t o  i d e n t i f y  t h a t  o n e  t h a t  m o s t  c l o s e l y  c o r r e s p o n d s  t o  o n e  e x t e n d i n g  o v e r  t h e  
t e r m i n a l  ‘ a l l y F  s y s t e m  a n d  h a v i n g  t h e  c o r r e c t  s y m m e t r y .  I n  a l l  c a s e s ,  f o r  t h e  a r y l -  
c o n t a i n i n g  a l k e n e s  la-5a t h i s  t u r n e d  o u t  t o  b e  t h e  H O M O - 2  o r b i t a l  e x c e p t  f o r  t h e  
f l u o r o c o m p o u n d  5a w h e r e  t h e  H O M O - 1  w a s  c h o s e n .  A s  w i t h  t h e  a l i p h a t i c  s e r i e s ,  t h e  
l a r g e s t  H O M O - 2  ( o r  - l ) e n e - L U M O e n o p hiie e n e r g y  g a p  i s  t h a t  f o r  la w i t h  t h e  - C H 2 -  
C H = C H 2  s y s t e m ,  w h i l e  t h e  a l k e n e s ,  2a-5a, w i t h  t h e  - C ( C H 3) = C H 2  s y s t e m  h a v e  
s i g n i f i c a n t l y  s m a l l e r  g a p s  a t  b o t h  t h e  H a r t r e e - F o c k  a n d  t h e  S e m i - E m p i r i c a l  l e v e l s .  
W i t h i n  t h e  r a n g e  2a-5a, t h e  o r d e r  o f  r e a c t i v i t y  i s  a s  s h o w n  ( H - F  a p p r o a c h  ) i n  F i g u r e  5 .
Figure 5. Order o f reactivity for alkenes la  - 5a in the ene reaction with maleic anhydride
5.3 Comparison with literature results.
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T h e r e  a r e  a  l i m i t e d  n u m b e r  o f  s t u d i e s  o f  t h e  e n e  r e a c t i o n  i n  t h e  l i t e r a t u r e ,  a n d  o f  t h e s e  
f e w  d e a l  w i t h  q u a n t i f i c a t i o n  o f  r e a c t i v i t y .  D w y e r  s t u d i e d  t h e  k i n e t i c s  o f  t h e  e n e  
r e a c t i o n  b e t w e e n  a l i p h a t i c  l - e n e s  a n d  f o u n d  s e c o n d  o r d e r  r a t e  c o n s t a n t s  t y p i c a l l y  c a . 0 . 9  
* 1 0 ~ 5  s ' 1 k g  m o f 1 f o r  h e x - 1 - e n e ,  o c t - 1 - e n e  a n d  d o d e c - l - e n e  u n d e r  e q u i m o l a r  c o n d i t i o n s  
i n  1 , 2 - d i c h l o r b e n z e n e  a t  1 7 5  ° C  i n  s e a l e d  r e a c t i o n  v e s s e l s . 1 T h e  v a l u e s  f o r  t h e  a l k - 1 -  
e n e ,  4 - p h e n y l b u t - l - e n e  ( l a )  i n  t h i s  w o r k ,  k 2  -  0 . 9  -  2 . 0 6 *  1 0 ” 5 s ’1 k g  m o l " 1 d e p e n d i n g  o n  
c o n d i t i o n s  ( T a b l e  1 ,  e n t r i e s  2  a n d  6 )  i s  c e r t a i n l y  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e .  
I n t e r e s t i n g l y ,  D w y e r  f i n d s  t h a t  a  1 , 2 - d i s u b s t i t u t e d  a l k e n e  ( / r a m ' - d e c - 5 - e n e )  i s  m o r e  
r e a c t i v e  t h a n  t h e  1 - a l k e n e s .  I n  c o n t r a s t ,  t h e  l a c k  o f  f u r t h e r  r e a c t i o n  o f  t h e  a d d u c t  f r o m  
l a ,  3 - ( 4 - p h e n y l b u t - 2 - e n y l ) d i h y d r o - 2 , 5 - f u r a n d i o n e  ( 2 )  ( F i g u r e  6 ) ,  i n  t h i s  w o r k  s h o w s  
t h a t  t h i s  1 , 2 - d i s u b s t i t u t e d  a l k e n e  i s  l e s s  r e a c t i v e  t h a n  t h e  1 - a l k e n e .
2
Figure 6. 3-(4-phenylbut-2-enyl)dihydro-2,5-furandione (2)
D w y e r  d i d  n o t e ,  h o w e v e r ,  a n  i s o k i n e t i c  r e l a t i o n s h i p ,  w i t h  a n  i s o k i n e t i c  t e m p e r a t u r e  o f  
3 7 1  K ,  s u c h  t h a t  a b o v e  4 8 1  K  ( 2 0 8  ° C ) ,  h e  e x p e c t e d  t h e  1 - a l k e n e  t o  b e c o m e  t h e  m o r e  
r e a c t i v e .
T h e  l a c k  o f  f u r t h e r  r e a c t i o n  o f  t h e  a d d u c t ,  2 ,  e v e n  w i t h  e x c e s s  m a l e i c  a n h y d r i d e ,  i s  a l s o  
q u i t e  s u r p r i s i n g  i n  t h e  l i g h t  o f  t h e  f i n d i n g s  o f  C u n n i n g h a m  e t  a l 2  A l l y l b e n z e n e  r e a c t s  
w i t h  m a l e i c  a n h y d r i d e  o v e r  s e v e r a l  h o u r s  a t  1 8 0  ° C  a n d ,  s i n c e  t h e  a d d u c t  2  i s  a n  
a l l y l b e n z e n e  w i t h  a n  a l k y l  s u b s t i t u e n t  o n  t h e  t e r m i n a l  a l k e n e  C ,  a  r o u g h l y  s i m i l a r  
r e a c t i v i t y  w o u l d  h a v e  b e e n  e x p e c t e d  f o r  f o r m a t i o n  o f  t h e  d i - a d d u c t .  A  c o n s i d e r a t i o n  o f  
F i g u r e  7  s h o w s  n o  o b v i o u s  r e a s o n  f o r  t h i s  a l t h o u g h  it m a y  r e f l e c t  s o m e  i n t e r a c t i o n  
b e t w e e n  t h e  p h e n y l  a n d  t h e  d i h y d r o - 2 , 5 - f u r a n d i o n e  c o n t a i n i n g  g r o u p  R .
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Figure 7. Ene-MA interaction to form the ene-adduct
A l t h o u g h  t h e  r a t e  c o n s t a n t s  f o r  D w y e r ’ s  1 - a l k e n e s  a n d  f o r  t h e  4 - p h e n y l b u t - 1 - e n e  ( l a )  
h e r e  a r e  s i m i l a r ,  D w y e r  q u o t e s  a  h i g h e r  a c t i v a t i o n  e n e r g y  ( a n d  t h e r e f o r e ,  a c t i v a t i o n  
e n t h a l p y )  f o r  h i s  1 - a l k e n e s ,  E a  =  9 0  k j  m o l ' 1 , t h a n  i s  f o u n d  h e r e  f o r  4 - p h e n y l b u t - 1 - e n e  
( 2 ) ,  E a  =  6 7  k j  m o l * 1 . I t  f o l l o w s  t h a t  t h e  a c t i v a t i o n  e n t r o p y  ( A S 1 )  v a l u e s  a l s o  d i f f e r ,  
D w y e r ’ s  v a l u e s  a r e  c a .  - 1 5 2  J  m o l ' 1 K * 1 , c o m p a r e d  w i t h  - 1 9 2  J  m o l " 1 I C 1 f o r  l a .
T h e  p r e s e n c e  o f  t h e  2 , 5 - d i h y d r o f u r a n d i o n e  s u b s t i t u e n t  a p p e a r s  t o  b e  r e s p o n s i b l e  f o r  
i n h i b i t i n g  f u r t h e r  r e a c t i o n  o f  t h e  a d d u c t s  f r o m  4 a  a n d  5 a ,  3  a n d  4 ,  r e s p e c t i v e l y  ( F i g u r e  
8).
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Figure 8. Ene-adducts 3 and 4
T h e s e  t w o  a d d u c t s  a r e  a c t u a l l y  1 , 1 - d i s u b s t i t u t e d  a l k e n e s ,  l i k e  t h e i r  p r e c u r s o r s ,  a n d  s o  
t h e  i n h i b i t i o n  b y  t h e  s u s b t i t u e n t  i s  m o r e  s t r i k i n g .  I t  c a n  b e  a t t r i b u t e d  t o  t h e  p r e f e r e n c e  
f o r  t h e  e x o  T S  a n d  t h e  E - p r o d u c t  a s  s h o w n  i n  F i g u r e  9 .  T h e  e n d o  T S  p l a c e s  e i t h e r  t h e  
d i h y d r o f u r a n d i o n e - c o n t a i n i n g ,  o r  t h e  p h e n y l d i m e t h y l m e t h y l  g r o u p  o v e r  t h e  m a l e i c  
a n h y d r i d e  a n d  w o u l d  a p p e a r  t o  b e  d i s f a v o u r e d .  I n  t h e  e x o  T S  a n  E - a d d u c t  c a n  o n l y  b e  
o b t a i n e d  i f  t h e  p h e n y l d i m e t h y l m e t h y l  g r o u p  i s  o v e r  t h e  m a l e i c  a n h y d r i d e  ( o r  t h e
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d i h y d r o f u r a n d i i o n e  g r o u p  f o r  m i g r a t i o n  o f  t h e  a l t e r n a t i v e  2 °  H ) .  I f  t h e s e  i n t e r a c t i o n s  a r e  
t o  b e  a v o i d e d ,  t h e n  t h e  r e a c t i o n  m u s t  g i v e  t h e  l e s s  s t a b l e  Z - a d d u c t .  O v e r a l l  t h e r e f o r e ,  
r e a c t i v i t y  i s  r e d u c e d  c o m p a r e d  w i t h  t h e  s t a r t i n g  e n e s  4 a  a n d  5 a .
e x o  O '
o r
e x o  O '
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Figure 9. exo TS for the ene reaction between adduct 3 and MA
A g a m i  e t  a l 3  i n v e s t i g a t e d  t h e  r e a c t i o n  o f  a l i p h a t i c  a l k e n e s  w i t h  m a l e i c  a n h y d r i d e  a n d  
i d e n t i f i e d  t h e  p r o d u c t s .  I n  a d d i t i o n ,  t h e y  u s e d  t h e  r e l a t i v e  y i e l d s  t o  a s s e s s  a n  o r d e r  o f  
r e a c t i v i t y .
O f  p a r t i c u l a r  i n t e r e s t  h e r e ,  i s  t h e i r  o b s e r v a t i o n  t h a t  r e a c t i o n  o f  t r a n s  4 - m e t h y l p e n t - 2 - e n e
( 5 )  w i t h  m a l e i c  a n h y d r i d e  ( 1 )  y i e l d e d  a  m i x t u r e  o f  a d d u c t s ,  ( 6 )  a n d  ( 7 ) ,  t h e  f o r m e r  
r e s u l t s  f r o m  m i g r a t i o n  o f  t h e  1 °  H ,  t h e  l a t t e r  f r o m  m i g r a t i o n  o f  t h e  3 °  H  ( S c h e m e  1 ) .
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I n  t h i s  s t u d y ,  o n l y  p r o d u c t  r e s u l t i n g  f r o m  m i g r a t i o n  o f  t h e  1 °  H  ( m e t h y l  g r o u p )  w a s  
f o u n d  f o r  a l k e n e s  l a ,  4 a  a n d  5 a .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  c o m p u t a t i o n a l  s t u d y  a l s o  
s u g g e s t s  t h e  p o s s i b i l i t y  o f  r e a c t i o n  i n v o l v i n g  t h e  2 °  H .  E x a m i n a t i o n  o f  t h e  o r b i t a l  
s u r f a c e  f o r  t h e  H O M O - 2  o r b i t a l  ( t h e  o n e  i d e n t i f i e d  a s  t h e  h i g h e s t  o c c u p i e d  M O  w i t h  
b o t h  t h e  c o r r e c t  s y m m e t r y  a n d  a  l o c a l i s a t i o n  o n  t h e  C H 2- C ( = C H 2) - C H 3 f r a g m e n t ) ,  
s h o w s  t h a t  t h i s  o r b i t a l  ‘ e x t e n d s ’ a c r o s s  b o t h  t h e  1 °  a n d  t h e  2 °  H .  A g a i n ,  t h e  
e x p e r i m e n t a l  r e s u l t ,  e . g .  o n l y  a d d u c t  3  i s  f o u n d ,  c a n  b e  r a t i o n a l i s e d  b y  p r o p o s i n g  a n  e x o  
T S  l e a d i n g  t o  a n  E - p r o d u c t .  I n  F i g u r e  1 0 ,  t h e  e x o  T S  i s  s h o w n  ( i n c l u d i n g  t h a t  l e a d i n g  t o  
t h e  i s o m e r  t h a t  i s  n o t  f o u n d  h e r e ) ;  t h e  e n d o  T S  w o u l d  p l a c e  t h e  C 2 - m e t h y l  g r o u p  o v e r  
t h e  m a l e i c  a n h y d r i d e .  I n  o r d e r  t o  f a c i l i t a t e  m i g r a t i o n  o f  2 °  H ,  t h e  p h e n y l d i m e t h y l m e t h y l  
g r o u p  m u s t  b e  p o s i t i o n e d  e i t h e r  o v e r  t h e  m a l e i c  a n h y d r i d e  o r  a s  s h o w n  i n  F i g u r e  1 0  
r e s u l t i n g  i n  a  s i g n i f i c a n t  s t e r i c  i n t e r a c t i o n .  T h e r e  a r e  n o  s u c h  p r o b l e m s  f o r  m i g r a t i o n  o f  
1 °  H .
Figure 10. Migration of 2° H and 1° H in the exo TS
O f  c o u r s e  t h e  s a m e  a r g u m e n t  c a n  b e  m a d e  i n  t h e  c a s e  o f  A g a m i ’ s  a l i p h a t i c  a l k e n e s ,  b u t  
t h e  g r o u p  i n  t h a t  c a s e  i s  a  a n  i s o p r o p y l  o n e ,  w i t h  a  s m a l l e r  s t e r i c  i m p a c t  t h a n  a  
p h e n y l d i m e t h y l m e t h y l  g r o u p .
E a r l i e r ,  C u n n i n g h a m 2  n o t e d  t h a t  t h e  f o r m a t i o n  o f  a n  E - a d d u c t  f o r  r e a c t i o n  o f  
a l l y l b e n z e n e s  w i t h  m a l e i c  a n h y d r i d e  a n d  m a l e i m i d e s  a l s o  i n v o l v e s  t h e  p o s s i b i l i t y  o f  
s t e r i c  i n h i b i t i o n  b y  t h e  a r y l  g r o u p  u n l e s s  a n  e n d o  T S  i s  e n v o k e d .  T h e  a l l y l b e n z e n e s  i n  
t h a t  w o r k  a r e  t h e  h o m o l o g u e s  o f  t h e  4 - p h e n y l b u t - l - e n e  ( l a )  u s e d  h e r e .  T h e i r  
r e a c t i v i t i e s ,  s i g n i f i c a n t  c o n v e r s i o n  t o  a d d u c t  w i t h i n  h o u r s ,  a p p e a r  t o  b e  a n  o r d e r  o f  
m a g n i t u d e  g r e a t e r  t h a n  t h e  4 - p h e n y l b u t - l - e n e  ( s i g n i f i c a n t  c o n v e r s i o n  o v e r  s e v e r a l  d a y s  
u n d e r  e q u i m o l a r  e n e  : e n o p h i l e  c o n d i t i o n s ) .  T h i s  i s  t o  b e  e x p e c t e d ,  s i n c e  f o r  
a l l y l b e n z e n e ,  t h e  n e w l y  f o r m i n g  C = C  i n  t h e  T S  i s  c o n j u g a t e d  w i t h  t h e  a r y l  r i n g .
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W h i l e  k i n e t i c  s t u d i e s  o f  t h e  e n e  r e a c t i o n  s u c h  a s  t h i s  a r e  f e w ,  T h a l e r  a n d  F r a n z u s 4  h a v e  
e x a m i n e d  t h e  r e a c t i v i t y  o f  a l k e n e s  t o w a r d s  t h e  v e r y  r e a c t i v e  d i e n o p h i l e  d i e t h y l  
a z o d i c a r b o x y l a t e .  T h e y  i d e n t i f i e d  a  t r e n d  o f  H - m i g r a t i o n  i n  t h e  o r d e r  1 °  >  2 °  >  3 °  b a s e d  
o n  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  t h e  c o m p o u n d s  8 ,  9  a n d  1 0  ( F i g u r e  1 1 ) .
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Figure 11. Relative reactivities of the compounds 8,9 and 10
H o w e v e r ,  t h i s  c a n  b e  d i s p u t e d ,  s i n c e  c o m p o u n d  8  h a s  a  h i g h e r  e n e r g y  C = C  p a r t  t h a n  t h e  
o t h e r  t w o ,  a n d  i t  m i g h t  b e  a r g u e d  t h a t  t h i s  f a c t o r  d i c t a t e s  r e a c t i v i t y .  F u r t h e r m o r e ,  w h e n  
t h e  r e a c t i v i t y  o f  t h e  a l k e n e  1 1  i s  e x a m i n e d  t h e  t o t a l  p r o d u c t  ( 1 3 )  d e r i v e d  f r o m  m i g r a t i o n  
o f  t h e  2 °  H  e x c e e d s  t h a t  d e r i v e d  f r o m  m i g r a t i o n  o f  t h e  1 °  H  ( 1 2 )  ( S c h e m e  2 ) .
S ch em e 2
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I t  s e e m s  t h a t ,  g i v e n  a  C = C  s y s t e m  o f  t h e  s a m e  e n e r g y ,  m i g r a t i o n  o f  1 °  v s .  2 °  H  i s  s i m i l a r ,  
b u t  t h a t  s t e r i c  f a c t o r s ,  r a t i o n a l i s e d  b y  i n v o k i n g  a n  e x o  T S  a n d  ( w h e r e  r e l e v a n t )  a n  E -  
g e o m e t r y  f o r  t h e  n e w  C = C ,  d i c t a t e  t h e  c o u r s e ,  a n d  r a t e  o f  t h e  r e a c t i o n .
A  s i m i l a r  e n e  r e a c t i o n  w a s  s t u d i e d  b y  b o t h  a b  i n i t i o  a n d  s e m i  e m p i r i c a l  A M I  m e t h o d s .  5 
P r o p e n e  ( 1 4 )  w a s  u s e d  a s  a  r e p r e s e n t i v e  a l k - l - e n e  i n  t h e  r e a c t i o n  w i t h  m a l e i m i d e  ( 1 5 )  
( S c h e m e  3 ) .  E x p e r i m e n t s  s u g g e s t e d  t h a t  t h e  a c t i v a t i o n  e n e r g y  i s  i n d e p e n d e n t  o f  t h e  
c h a i n  l e n g t h  o f  t h e  a l k - l - e n e .  F u r t h e r m o r e  t h e  a c t i v a t i o n  e n e r g i e s  c a l c u l a t e d  w i t h  H - F  
m e t h o d  m o d e l l i n g  t h e  T S  w e r e  f o u n d  t o  b e  w i t h i n  t h e  e x p e r i m e n t a l  a c c u r a c y ;  t h e  
d i f f e r e n c e  b e t w e e n  e n d o  a n d  e x o  w a s  f o u n d  t o  b e  8 . 8  k J m o l ' 1 , f a v o u r i n g  t h e  e n d o  r o u t e .  
T h e  E a  a t  1 3 0 - 1 8 8  k J m o l ' 1 w a s  f o u n d  t o  b e  r e l a t i v e l y  h i g h  f o r  t h i s  r e a c t i o n  c o m p a r e d  
w i t h  t h e  e x p e r i m e n t a l  v a l u e s  f o u n d  b y  B e n n  a n d  D w y e r  f o r  t h e  r e a c t i o n  b e t w e e n  a l k - l -  
e n e  a n d  m a l e i c  a n h y d r i d e  ( c a  9 0  k J  m o l ' 1 ), a n d  a l s o  l o w e r  t h a n  t h e  v a l u e  f o u n d  h e r e  f o r  
4 - p h e n y l b u t - l - e n e  ( 6 7  k J  m o l ' 1 ).
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T h e  g e n e r a l  t r e n d  i n  e x p e r i m e n t a l  r e a c t i v i t y  i s  s h o w n  i n  F i g u r e  1 2 ,  w h i l e  t h a t  f o r  t h e  
F M O  c a l c u l a t i o n  i s  i n  F i g u r e  4  a n d  5 .  W h i l e  t h e  g r o s s  f i n d i n g  o f  a  m u c h  l a r g e r  g a p  f o r  2  
i s  r e f l e c t e d  i n  t h e  e x p e r i m e n t a l  t r e n d ,  t h e  m o d e l  i s  t o o  c r u d e  t o  r e f l e c t  r e a c t i v i t y  w i t h i n  
t h e  g r o u p  2 a - 5 a .
5,4 Computational vs. Experimental Findings
3 a
Figure 12. Experimental reactivity
5.5 PIBSA
O n e  o f  t h e  o b j e c t i v e s  o f  t h i s  p r o j e c t  w a s  t o  s h e d  s o m e  l i g h t  o n  t h e  P I B S A  r e a c t i o n  
b e t w e e n  v i n y l i d e n e - t e r m i n a t e d  P I B  a n d  M A .  A s  a n t i c i p a t e d ,  t h e  P I B / M A  e n e  r e a c t i o n  
p r o v e d  t o  b e  s o m e w h a t  i n t r a c t a b l e  a n d  d i f f i c u l t ,  b u t  a  f e w  i m p o r t a n t  p o i n t s  c a n  b e  
m a d e .
T h e  r e a c t i o n  t o  g i v e  t h e  e n e  a d d u c t  P I B S A  1 7  ( F i g u r e  1 3 )  i s  c l e a r l y  c o r r e c t  a s  s h o w n  b y  
t h e  H - N M R  e v i d e n c e  f o r  t h e  d i s t i n c t i v e  s u c c i n i c  a n h y d r i d e  ( d i h y d r o - 2 , 5 - f u r a n d i o n e )  
s i g n a l s  o f  H 3 ,  H 4 tra m  a n d  H 4 ci s . T h e r e  h a s  b e e n  s o m e  d e b a t e  a s  t o  w h e t h e r  t h e  1 °  o r  t h e  
2 °  H  m i g r a t e s  a n d  t h e  H  N M R  i s  e q u i v o c a l  o n  t h a t  p o i n t ,  s i n c e  t h e  a l k e n e  r e g i o n  s h o w n  
a  s i n g l e  n e w  p e a k .  T h i s  m i g h t  b e  t a k e n  a s  i n d i c a t i v e  o f  t h e  ‘ i n t e r n a l ’ C = C  p r o d u c t  1 6 ,  
r a t h e r  t h a n  t h e  v i n y l i d e n e  C = C  p r o d u c t  1 7 ,  b u t  t h e  i n t e g r a t i o n  s e e m s  t o  s u g g e s t  2  H .  
F u r t h e r m o r e ,  t h e r e  i s  t h e  e v i d e n c e  o f  t h e  a d d u c t  3 ,  d e r i v e d  f r o m  t h e  ‘ m o d e l ’ c o m p o u n d  
3 .  H e r e  it w a s  a r g u e d  t h a t  t h e  s i g n a l  i n  t h e  a l k e n e  r e g i o n  i s  2  s i n g l e t s  ( b r o a d )  r a t h e r  
t h a n  a  s i n g l e - s i g n a l  d o u b l e t  o r  m u l t i p l e t .  T h e r e f o r e ,  s t r u c t u r e  1 7  i s  s u p p o r t e d .
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Figure 13. The two possible ene-adducts 16 and 17 from the reaction between PIB and MA
T h e  p r e f e r e n c e  f o r  1 7 ,  r e s u l t i n g  f r o m  1 °  H  m i g r a t i o n ,  c a n  b e  r a t i o n a l i s e d  i n  t h e  s a m e  
w a y  a s  a b o v e  f o r  r e a c t i o n  o f  t h e  ‘ m o d e l ’ a l k e n e  4 a  w h e r e  t h e  v e r y  l a r g e  ‘ p o l y m e r  
c h a i n ’ r e p l a c e s  t h e  p h e n y l d i m e t h y l m e t h y l  g r o u p  w i t h  s i m i l a r  o r  e n h a n c e d  s t e r i c  
c o n s e q u e n c e s .
A  f u r t h e r  i m p o r t a n t  q u e s t i o n  i s  w h e t h e r  t h e  P I B S A ,  i t s e l f  a  v i n y l i d e n e  c o m p o u n d ,  r e a c t s  
f u r t h e r  t o  y i e l d  a  d i - a d d u c t .  U n f o r t u n a t e l y ,  it w a s  n o t  p o s s i b l e  t o  m o n i t o r  t h e  r e a c t i o n  
( o r  t h e  H - N M R )  u n d e r  c o n d i t i o n s  o f  e x c e s s  M A ,  w h i c h  m i g h t  h a v e  f o r c e d  a  d i - a d d u c t ,  
b u t  n o  e v i d e n c e  o f  f u r t h e r  r e a c t i o n  w a s  f o u n d  u n d e r  e q u i m o l a r  c o n d i t i o n s .  
F u r t h e r m o r e ,  s i n c e  t h e  2 , 4 - d i m e t h y l - 4 - p h e n y l p e n t - l - e n e  ( 4 a )  a p p e a r s  t o  b e  a  g o o d  
m o d e l  f o r  P I B ,  t h e  l a c k  o f  d i - a d d u c t  f o r  r e a c t i o n  o f  4 a  ( e v e n  u n d e r  e x c e s s  M A  
c o n d i t i o n s )  s u g g e s t s  t h a t  it i s  u n l i k e l y  f o r  P I B  a l s o .
A s  h o p e d ,  t h e  k i n e t i c  a n a l y s i s  o f  t h e  P I B S A  r e a c t i o n ,  a l t h o u g h  g i v i n g  s o m e  s c a t t e r ,  
s h o w e d  t h a t  P I B  d o e s  i n d e e d  s h o w  a  r e a c t i v i t y  s i m i l a r  t o  t h a t  o f  t h e  m o d e l  a l k e n e s  2 a -  
5 a .  T h e  p o o r  k i n e t i c  d a t a  a t  2 0 0  ° C ,  p a r t i c u l a r l y  u n d e r  e q u i m o l a r  c o n d i t i o n s  s u g g e s t s  
s o m e  b r e a k d o w n  o f  t h e  P I B  i t s e l f .  H o w e v e r ,  t h e  d a t a  f o r  t h e  e x c e s s  a l k e n e  c o n d i t i o n s  
a p p e a r  t o  b e  s o u n d  p a r t i c u l a r l y  v a l u e s  a r o u n d  1 8 0  ° C .
T h e  r e s u l t s  i n  t h i s  t h e s i s ,  b o t h  f o r  P I B  a n d  f o r  t h e  ‘ m o d e l ’ a l k e n e s ,  c a n  b e  c o n s i d e r e d  i n  
t h e  l i g h t  o f  w h a t  i s  k n o w n  a b o u t  t h e  r e a c t i o n  a s  c a r r i e d  o u t  i n d u s t r i a l l y ,  e . g .  b y  
L u b r i z o l . 6  T h e r e  a r e  s o m e  d i f f e r e n c e s  b e t w e e n  t h e s e  f i n d i n g s  a n d  t h e  r e s u l t s  h e r e .
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F i r s t l y ,  t h e r e  i s  e v i d e n c e ,  f r o m  c o m p u t e r  m o d e l l i n g , 7  t h a t  t h e  a c t i v a t i o n  e n t h a l p y ,  A H * ,  
i s  h i g h e r  f o r  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e  ( d i - i s o b u t y l e n e )  t h a n  f o r  p e n t - 1 - e n e  (/.<?.t h e  
f o r m e r  o u g h t  t o  b e  t h e  l e s s  r e a c t i v e ) .  T h i s  i s  i n  c o n t r a s t  t o  t h e  c o m p u t a t i o n a l  f i n d i n g  i n  
t h i s  t h e s i s ,  b u t  m a y  r e f l e c t  t h e  d i f f e r e n c e  i n  t h e  a p p r o a c h e s :  a  t r a n s i t i o n  s t a t e  m o d e l l i n g  
w a s  u s e d  i n  t h e  L u b r i z o l  c a l c u l a t i o n ,  a g a i n s t  a n  F M O  a p p r o a c h  h e r e .  T h e  c l o s e s t  
e x p e r i m e n t a l  c o m p a r i s o n  i s  i n  t h i s  w o r k ,  w h e r e  t h e  r e a c t i v i t y  ( a n d  t h e  a c t i v a t i o n  
e n t h a l p y )  o f  4 - p h e n y l b u t - l - e n e  ( t h e  a n a l o g u e  o f  p e n t - 1 - e n e )  i s  f o u n d  t o  b e  l o w e r  t h a t  o f
2 . 4 - d i m e t h y l - 4 - p h e n y l p e n t - l - e n e  ( t h e  a n a l o g u e  o f  2 , 4 , 4 - t r i m e t h y l p e n t - l - e n e )  a n d  o f  
P I B  i t s e l f .  T h i s  d i f f e r e n c e  i n  e x p e r i m e n t a l  r e s u l t ,  c o m p a r e d  t o  t h e  L u b r i z o l  
c o m p u t a t i o n a l  o n e ,  m a y  b e  d u e  t o  a n  i n f l u e n c e  f r o m  t h e  p h e n y l  g r o u p .
L u b r i z o l  a l s o  n o t e s  e v i d e n c e  o f  e n e  r e a c t i o n  i n v o l v i n g  t h e  2 °  H  ( - C / J ^ C I J ^ C ^ C F L )  o f  
P I B .  I n  a d d i t i o n ,  a  s i m i l a r  r e s u l t  i s  f o u n d  b y  T e s s i e r  a n d  M a r c h  a l  f o r  2 , 4 , 4 -  
t r i m e t h y l p e n t - l - e n e  ( d i - i s o b u t y l e n e ) ,  w h e r e  m i g r a t i o n  o f  t h e  2 °  i s  f o u n d  t o  t h e  e x t e n t  o f  
c a .  1 5 % . 8  W h i l e  t h e r e  i s  a  s m a l l  d o u b t  i n  t h i s  w o r k  a b o u t  P I B  ( s e e  a b o v e  -  t h i s  
s e c t i o n ) ,  t h e  ‘ m o d e l ’ c o m p o u n d s  d o  n o t  s h o w  e v i d e n c e  o f  i n v o l v e m e n t  o f  t h e  
2 °  h y d r o g e n ,  a l t h o u g h  a g a i n  t h e  p r e s e n c e  o f  t h e  p h e n y l  g r o u p  m a y  r e s u l t  i n  s o m e  
d i f f e r e n c e  i n  r e a c t i v i t y  ( p e r h a p s  s t e r i c )  c o m p a r e d  t o  t h e  a l l  a l i p h a t i c  2 , 4 , 4 -  
t r i m e t h y l p e n t - l - e n e .  A  r e p o r t  i n  a  J a p a n e s e  p a t e n t  n o t e s  t h a t  t h e  v i n y l i d e n e - c o n t a i n i n g
2 . 4 . 4 - t r i m e t h y l p e n t - l - e n e  r e a c t s  p r e f e r e n t i a l l y  t o  t h e  i s o m e r i c  2 , 4 , 4 - t r i m e t h y l p e n t - 2 -  
e n e ,  a l t h o u g h  t h e  p a t e n t  i s  u n c l e a r  a b o u t  p o s s i b l e  f o r m a t i o n  o f  2 °  h y d r o g e n  m i g r a t i o n  
p r o d u c t s  o r  d i s u c c i n a t e d  p r o d u c t s  9
O f  p a r t i c u l a r  i m p o r t a n c e  i s  t h e  q u e s t i o n  o f  ‘d i s u c c i n a t i o n ’ . E v i d e n c e  o f  d i - s u c c i n a t i o n  
w a s  f o u n d  f o r  t h e  e n e  r e a c t i o n  o f  s o m e  r e l a t e d  c o m p o u n d s , 1 0  b u t  m o r e  i m p o r t a n t l y ,  
t h e r e  i s  e v i d e n c e ,  b a s e d  o n  a n a l y s i s  o f  N M R  s i g n a l s , 1 1  t h a t  s i g n i f i c a n t  d i - s u c c i n a t i o n  ( t o  
g i v e  a  d i - a d d u c t )  d o e s  o c c u r  i n  t h e  P I B S A  r e a c t i o n .  T h i s  c a n  p r o b a b l y  b e  a t t r i b u t e d  t o  
t h e  u s e  i n  t h e  i n d u s t r i a l  p r o c e s s  o f  ( a )  e x c e s s  M A  ( 1 . 5 - 3  f o l d ) ,  ( b )  a  s o l v e n t - f r e e  
p r o c e s s ,  a n d  ( c )  t h e  u s e  o f  h i g h e r  t e m p e r a t u r e  ( u p  t o  2 2 0  ° C ) ;  t h e  l a s t  f a c t o r ,  i n  
p a r t i c u l a r ,  w o u l d  f a v o u r  a n  i n c r e a s e d  c o n t r i b u t i o n  f r o m  t h e  h i g h e r - e n e r g y  s e c o n d  
s u c c i n a t i o n .
F r o m  t h e  p o i n t  o f  v i e w  o f  u s i n g  t h e  p h e n y l - s u b s t i t u t e d  ‘ m o d e l s ’ t o  s t u d y  t h e  ‘P I B S A ’ 
e n e  r e a c t i o n ,  t h e r e  a r e  c e r t a i n l y  s o m e  d i f f e r e n c e s  i n  t h e  r e s u l t s  h e r e  c o m p a r e d  t o  t h o s e
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e l s e w h e r e .  I t  m a y  b e  t h a t  t h e  p h e n y l  g r o u p ,  o r i g i n a l l y  i n t r o d u c e d  t o  r a i s e  a l k e n e  b . p . ,  
a n d  t o  p r o v i d e  a  U v - v i s  ‘ h a n d l e ’ f o r  m o n i t o r i n g ,  d o e s  h a v e  s o m e  i n f l u e n c e  o n  
r e a c t i v i t y .  I n  o r d e r  t o  q u a n t i f y  t h i s  e f f e c t ,  i f  a n y ,  f u r t h e r  w o r k  w o u l d  b e  n e e d e d .  
D e s p i t e  t h i s ,  it i s  f e l t  t h a t  a  s i g n i f i c a n t  c o n t r i b u t i o n  h a s  b e e n  m a d e  t o  t h e  e x p l o r a t i o n  o f  
t h e  i n t r i g u i n g  e n e  r e a c t i o n .
C H A P T E R  5 - 2 4 1  -
5.6 Bibliographic References
1  F . R .  B e n n ;  J .  D w y e r ,  J . C h e m .  S o c .  P e r k i n  T r a n s  2 ,  1 9 7 7 .  5 3 3 .
2  I. D .  C u n n i n g h a m ;  A .  B r o w n h i l l ;  I. H a m m e r t o n ;  B . J .  H o w l i n ,  T e t r a h e d r o n , 1 9 9 7 ,  5 3 ,
3 4 7 3 .
3  C .  A g a m i ;  M . A n d r a c - T a u s s i g ;  C .  J u s t i n ;  C .  P r e v o s t ,  B u l l  S o c . C h i m .  F r a n c e ,  1 9 6 6 ,  
5 4 ,  1 1 9 5 .
4  W .  A .  T h a l e r ;  B .  F r a n z u s ,  J .  O r g .  C h e m . ,  1 9 6 4 ,  2 9 ,  2 2 2 6 .
5  A .  Y l i n i e m e l a ;  H .  K o n s c h i n ;  C .  N e a g u ;  A .  P a j u n e n ;  T .  H a s e ;  G .  B r u n o w ;  O .  T e l e m a n  
J  A m .  C h e m .  S o c . ,  1 9 9 5 , 1 1 7 ,  5 1 2 0 .
6  S e e  a l s o  B .  C .  T r i v e d i ,  B .  M .  C u l b e r t s o n ,  M a l e i c  A n h y d r i d e , P l e n u m  P r e s s ,  N e w  
Y o r k ,  1 9 8 2 ,  c h a p t e r  5 .
7  P e r s o n a l  c o m m u n i c a t i o n ,  D o u g  B a r r ,  L u b r i z o l ,  N o v  2 0 0 1 .
8  M .  T e s s i e r ;  E .  M a r c h a l ,  E u r .  P o l y m .  J . ,  1 9 8 4 ,  2 0 ,  2 6 9 .
9  M .  O b a r a ,  M .  K a t o ,  T .  K i k u c h i ,  T .  S a i t o ,  J P  5 9 / 0 3 4 1 8 8 ,  J P  5 4 / 0 7 6 5 1 6 ,  J P  7 9 / 7 6 5 1 6 ;  
C A  9 2 :  6 0 8 3 a .
1 0  S .  J .  P e r r y ,  D . P h i l  T h e s i s , U n i v e r s i t y  o f  Y o r k ,  2 0 0 0 .
1 1  P e r s o n a l  c o m m u n i c a t i o n  f r o m  K u r t  W o l l e n b e r g ,  v i a  D a v i d  M o r e t o n ,  L u b r i z o l ,  1 9 9 9 .
